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Communications. Papers submitted for publica- 
tion should sent Clark, Esq., M.A., 
Secretary the Editorial Board (Biochemical 
The Lister Institute, Chelsea Bridge 
Road, London, 


Abstracts. future, authors should submit with 
their typescript abstract suitable for inclusion 
International Abstracts Biological Sciences. 
This abstract will not appear the Biochemical 
Journal but will edited before being passed for 
publication the Abstracts. 

The abstract should outline briefly possible 
the results and definitive conclusions the work 
submitted. Details methods are generally not 
required. paper average length should 
abstracted about 100 words. The abstract should 
typed double spacing separate quarto 
sheet the following form: title, name(s) 
author(s); Biochem. (space for year, volume and 
page address (for reprint applications) 
abstract. For example: 

The metabolism short-chain fatty acids the 

sheep. The pathway propionate metabo- 

lism rumen epithelial tissue. Pennington 

and Biochem. 1956, 63, 

628 (Rowett Research Institute, Bucksburn, 

Aberdeenshire).—(Abstract follows.) 


Reprints. Where least one author paper 
member the Biochemical Society, twenty-five 
reprints are supplied free cost. author may 
purchase additional reprints notifies the 
Press the appropriate form immediately the 
proof the paper received. (Communications 
respecting the purchase reprints should 
addressed the University Press, Cambridge.) 

General. Submission paper the Editorial 
Board will held imply that presents the 
results original research not previously published, 
that not under consideration for publication 
elsewhere, and that accepted for the Biochemical 
Journal will not published elsewhere the 
same form, either English any other lan- 
guage, without the consent the Editorial Board. 

Contributors who reside outside Great Britain 
are requested nominate somebody Great 
Britain who willing correct the proofs their 
papers. Papers from such contributors should 
accompanied statement the number re- 
prints required. 

Unless confusion would otherwise arise, con- 
tributors’ names should appear initials (but 
female authors may use one given name full) and 
surnames only, without titles suffixes. The name 
and address the laboratory where the work was 
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performed should given. Any necessary descrip- 
tive material regarding the author, e.g. Beit 
Memorial Fellow, details financial support, 
should appear footnote the first page or, 
preferably, the the end 
the paper. 

Typescripts should carry indication the 
name and address the person whom the proof 
the paper sent, and should give also 
shortened version the paper’s title, not ex- 
ceeding forty-five letters and spaces length, 
suitable for running title the published pages 
the work. 

would greatly facilitate the editors’ task and 
thus the advantage the author if, when 
submitting paper which part series, the 
author were enclose reprints the preceding 
immediately relevant parts. 


Ferm Papers Submitted for Publication. 
The onus preparing paper form suitable 
for sending press lies the first place with the 
author. Authors should consult current issue 
order make themselves familiar with the 
practice the Biochemical Journal concerning typo- 
graphical conventions, use cross-headings, lay- 
out tables, citation references, ete. The need 
for editorial revision badly prepared typescripts 
will lead delay publication for which the 
Editors cannot accept responsibility. Papers 
specialized subjects should presented that they 
are intelligible the ordinary reader the Journal. 
Sufficient information should included permit 
repetition the experimental work. 

Papers intended for publication should 
double-spaced typing sheets uniform size with 
wide margins. Top copies only should submitted. 
The paper should written English. 

Generally speaking, papers should divided 
clearly into parts and, most cases, these should 
follows: (a) Introduction, containing the 
reasons for doing the work; (b) Experimental 
methods: with chemical papers the experimental 
part will normally appear towards the end, but 
otherwise should follow the introduction; (c) Re- 
sults; these should given concisely: tables 
figures are often the best form, but the use both 
illustrate the same data will only rarely per- 
mitted; illustrative protocols only should in- 
cluded; (d) Discussion: desirable that the 
presentation the results and the discussion 
their significance should considered separately 
(e) Summary: summary, about the length 
paper, should the paragraphs the 
summary should numbered; Acknowledge- 
ments; (g) References. 

The Biochemical Journal uses standard for 


spelling the Concise Oxford Dictionary Current 
English (1951, Oxford, Clarendon Press). 

the Introduction, Results, Discussion and 
Summary sections papers the use abbreviations 
should very sparing. Thus, abbreviations for 
units are used, but not contractions such 
‘soln.’ ‘recryst.’ chemical symbols abbrevia- 
tions for elements, groups compounds, unless 
this use justified special 


Illustrations. which should 
approximately twice the size the finished block, 
should each separate sheet and packed 
flat; they should bear the author’s name and the 
title the paper the back. Diagrams should 
indian ink and should drawn plain 
white paper, Bristol board, faintly blue-lined 
graph paper, tracing cloth. Curves based 
experimental data should carry clear indications 
the experimentally determined points. Letters, 
numbers, etc., should written pencil. Legends 
and captions should typed separate sheet 
from the illustrations and numbered correspond- 
ingly. Figures should comprehensible without 
reference the text. 

Diagrams which not conform with the above 
directions may have redrawn the Press 
and the expense charged the author. 

Lines line drawings should sufficiently thick 
stand reduction the Press, which usually 
one-half one-third. The Notes Preparation 
Journal (January, 1956, 62) give further details and 
specimen figures. 


Tables. Tables should carry headings describing 
their content and should comprehensible without 
reference the text. The units which the results 
are expressed, e.g. g./100 ml., should given 
the top each column, and not repeated each 
line the table. 

The following, from The Presentation Papers 
for the Journal the Chemical Society, 1952, may 
noted: ‘Care needed for statement powers 
headed means that the observed value was 
the heading reads then the 
observed value was 2000. This form, 107k, should 
always used.’ 

Tables should typed separate sheets and 
their approximate position the text should 
indicated. Words numerals should repeated 
successive lines; ‘ditto’ ‘,,’ are not used. 


Footnotes. These should avoided the text 
far possible. Where they must used, 
tables, reference made the symbols 
that order. 
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Partial Synthesis the Two Acids 
and Similar Bile Acids with Extended Side Chains 


BRIDGWATER 
Guy’s Hospital Medical School, London, 


(Received March 1956) 


Recent work has emphasized the importance 
bile acids both evolutionary precursors the 
bile acids and likely intermediates the 
biosynthesis the latter compounds from chol- 
esterol (for reviews see 1955; Hasle- 
wood, 1955). 

Much the early work the C,, and C,, bile 
acids and alcohols was carried out Japan, but 
acid was isolated this laboratory from 
the bile various members the Crocodylidae 
(Haslewood, 1952a). This was thought 
acid, and was 
later proved C,, acid synthesis the 
‘stem acid’ coprostanic acid, from 
cholanic acid (Bridgwater Haslewood, 1952). 
acid named acid, 
m.p. 172°, was isolated from the bile the frog 
Rana catesbiana (Kurauti Kazuno, 1939), and 
acid’, m.p. 
195°, was later isolated from the same source 
(Mabuti, 1941). Both these acids were also isolated 
from the bile Rana nigromaculata nigromaculata 
(Komatsubara, 1954). The 
sterocholanic 172°, has been shown 
identical with acid isolated 
from the bile Alligator mississippiensis (Hasle- 
wood, 1952a) and the terms ‘«-’ and 
bisnorsterocholanic acid’ are now replaced ‘«-’ 
and acid respectively. 

This earlier work left two further aspects the 
problem elucidated, namely the position and 
configuration the three hydroxyl groups the 
trihydroxycoprostanic acids and, more important, 
the question isomerism C-25, since, with the 
conversion vivo the terminal isopropyl group 
the cholesterol side chain into -CHMe.CO,H, 
asymmetric centre introduced. was there- 
fore decided attempt the partial synthesis the 
two acids and 
similar acids with extended side chains (i.e. bile 
acids which the -CHMe.CH,.CH,.CO,H chain 

Some extensions the side chains bile acids 
have been previously reported, thus, 
acid, m.p. 195° (Komat- 
subara, 1954; Bridgwater, 1955), and bishomocholic 
aid (Kazuno, Komatsubara 1954; 


Kazuno, Mori Goto, 1955) have both been syn- 
thesized. 

The lengthening the bile acid side chain the 
presence ring hydroxyl groups presents certain 
difficulties with the more usual methods, e.g. the 
use the synthesis 


R.CH,.CO,Et R.CH,.CO,H] 


(cf. Pearlman, 1947) laborious since extends the 
side chain only one carbon atom time. The 
application the Kolbe electrolytic synthesis the 
preparation acids, employing the half-ester 
dibasic acid, has been exploited another field 
(Bounds, Linstead Weedon, 1953, and previous 
papers), and the subject has been reviewed (Weedon, 
1952). The use this method for the extension the 
side chain the bile acids has not yet been fully 
explored, and the investigation the cross-coupling 
reactions which can occur the electrolysis 
cholic acid the presence some simple half-esters 
now reported. 


RESULTS 


The product resulting from electrolysis using 
cholic acid and simple half-ester complex 
mixture. From theoretical considerations, the 
norcholy! radical (II) arising from the cholate ion 
(I) can undergo coupling, with the radical result- 
ing from the half-ester employed form ester, 
e.g. with another radical form 
ation reaction give unsaturated compound 
(V), together with the corresponding saturated 
compound 

the cross-coupling electrolysis cholic acid 
with methyl hydrogen succinate the compounds 
corresponding (III, n=4), and (V) were all 
isolated chromatography the product 
alumina. 

The products arising from the coupling radicals 
from the half-ester molecules with themselves, e.g. 
dimethyl adipate, were eluted from the alumina 
with ether. Acetone removed compound regarded 
(V) to- 
gether with the ester (III, 
n=4); the last substance was separated after 
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hydrolysis the corresponding acid. amorphous 
product high melting point, regarded 
bisnorcholyl (IV), was eluted with methanol. 
Hydrolysis the methyl bishomocholate (III, 
n=4) gave 25:26-bishomocholic acid, which was 
shown examination the infrared spectrum 
different from cholic acid. Chromic oxidation 
this acid gave dehydro-25:26-bishomocholic acid 
(3:7:12-trioxo-25:26-bishomocholanic acid) which 
Wolff—Kishner reduction (Huang—Minlon modi- 
fication) gave acid, isolated 
the ester. 


(III) 


R.CH:CH, 
(VI) 


similar cross-coupling cholic acid with ethyl 
hydrogen malonate allowed the preparation 25- 
acid (from III, about 27% 
yield. This acid was identical with 
acid prepared the method 
(Pearlman, 1947). 

anhydride was resolved into its 
and and each these was treated with 
equivalent amount methanol give product 
(A) 
(both both L-). Since compound (B) 
acid, normal coupling should 
largely totally suppressed (see Weedon, 1952). 


and 
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electrolysis the half-ester (A+B) from 
methylsuccinic anhydride and cholic acid, acid, 
m.p. was obtained which was identical 
with specimen partially synthetic 
hydroxycoprostanic acid (Komatsubara, 1954) 
kindly supplied Professor Kazuno and which 
had been shown identical with the acid 
the bile Rana nigromaculata nigro- 
maculata. Use the half-ester (A+B) from 
anhydride gave acid, m.p. 160°, 
with softening identical with that 
obtained using the half-ester from 
succinic anhydride. 

similar series experiments were carried 
out with cholic acid and and 
hydrogen 


for preparation and resolution see Linstead, Lunt 
Weedon, 1950). The pt-half-ester gave two acids 
acids), separated 
chromatography and crystallization, which could 
prepared separately employing the individual 


half-esters (see Table for physical data). 


The acid prepared from the 
half-ester was degraded the Wieland—Barbier 
method give acid which 
acid, m.p. identical with the naturally 
occurring acid (trinydroxycoprostanic acid, Hasle- 
wood, 1952a; 
Komatsubara, 1954). 

similar degradation the ethyl ester the 
acid prepared from half-ester 
gave acid, 
m.p. which was identical with the acid 
and with the acid prepared from 
half-ester (see above). 


DISCUSSION 


hydrogen 
glutarate has been related and 
hydrogen has been 


Table Preparation and properties extended-chain bile acids 


Acid formed electrolysis with cholic acid 


Half-ester used 


Name M.p. 
25-Homocholic 202° 
25:26-Bishomocholic 195 34° 
195-196 +43 
coprostanic 
205-207 +37 
homocoprostanic 
173-176 +29 
homocoprostanic 
180-182 +27) 


(For comparison 


coprostanic 


32:7 


CH, 

| 

| 


Vol. 


stanic acids can related the two glyceralde- 
hydes: further, since the two homo acids have been 
degraded the corresponding trihydroxycopro- 
stanic acids, the relationship these latter two acids 
the glyceraldehydes can also established. These 
relationships are shown more clearly Fig. 

The two naturally occurring 
stanic acids are therefore isomeric C-25. The acid 

m.p. 182° (Japanese has already been 

acid (Haslewood, 1952a) and the acid 


m.p. 195° (Japanese would therefore tri- 
hydroxycoprostan-27-oic acid. However, con- 
form with the nomenclature the steroid field these 
acids could termed and 
coprostanic acids. The homo acids will therefore 
called homocoprostanic acids, i.e. 25-D- 25-L-. 
use the half-esters from and 
CO,Me 
OH, 
CH, H 
CH, 
R’ 
homocoprostanic ester 
| hydrolysis 


5 m.p. 175° 


CO,H 


9 


3a:7a:12a-Trihydroxy-25-L- 
homocoprostanic acid 


| 


m.p. 195° 


coprostanic acid 
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succinic anhydrides gave anomalous results. The 
product from anhydride and 
methanol should consist mixture the 
enantiomorphs both HO,C.CHMe.CH,.CO,Me 
and which only the 
latter would expected undergo normal anodic 
coupling any extent. The fact that the 
anhydride and the both gave half- 
esters which yielded identical acid (but one not 
identical with either the 
acids), coupling with cholic acid, suggests that 
racemization may have occurred some stage 
that some coupling the substance 


may, fact, have taken place, either case yield- 
ing mixture. anhydride gave 
product from which the acid, 
m.p. was isolated after three crystalliza- 
tions. Since the coupling the 


CH. 


3 


32:7a:12a-Trihydroxy-25-p 


homocoprostanic ester 


| hydroly sis 


m.p. 205° 
CH, 
homocoprostanic acid 
| 
CO,H 
m.p. 182 


coprostanic acid 


b 
CH, 
R’ 
CH, 
CO,H 
Fig. 
38-2 
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should produce the 25-p-acid (trihydroxycoprostan- 
26-oic acid, m.p. 182°), the result this coupling 
clearly misleading, for the acid m.p. 195° 
the 25-L-(trihydroxycoprostan-26-oic acid) isomer. 
Thus the use the optical enantiomorphs 
methylsuccinic acid half-esters cannot regarded 
reliable, and indeed the same difficulties will 
possibly also encountered with other un- 
symmetrical half-esters the Kolbe electrolysis. 

Biological. The demonstration that the two tri- 
hydroxycoprostanic acids are C-25 isomers, to- 
gether with the fact that both compounds occur 
together the biles least two species, namely 
Rana catesbiana and nigromaculata nigromacu- 
lata, suggests that, the initial oxidation vivo 
the terminal isopropyl group cholesterol, the 
enzyme responsible not selective for either C-26 
C-27, that initially mixture would 
result, namely and 
these two 
compounds then being oxidized the two tri- 
hydroxycoprostanic acids respectively. 

The occurrence C,, acids some species the 
Ranidae, whereas others, e.g. Rana temporaria, 
the chief constituents are alcohol sulphates, e.g. 
ranol sulphate (Haslewood, 19525), interesting 
species difference. Two pathways are 
available the after their formation; 
thus they may either oxidized conjugated 
the next step: 


—CH, 
CO,H 


route followed species, then production 
acid may difficult, not impossible, further 
oxidation leading greater degree 
ation, produce substances such ranol. Route 
will course lead acidic substance, which may 
then conjugated (e.g. with taurine) may 
further oxidized the C,, acid. 

Isomerism C-25 steroids has been detected 
natural products from plant sources, e.g. sarsa- 
sapogenin and smilagenin (Scheer, Kostic 
Mosettig, 1953). Cholegenin and have 
also been shown isomeric C-25 (Mazur 
Spring, 1954). 


EXPERIMENTAL 


General. Melting points are uncorrected. Microanalyses 
were done Weiler and Strauss, Oxford. 

Reagents. was 200-mesh Type (Peter Spence and 
Sons, Widnes). Ethanolic KOH was approx. n-KOH 
50% (v/v) (20%) was solution 
about CrO, minimal volume water and made 
100 ml. with acetic acid. 

Electrolyses. Electrolyses with large electrodes em. 
cm. and em. em.) were carried out flat-bottomed 
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cylindrical vessel, diameter cm. and height cm., with 
internal cooling (two glass coils containing circulating tap 
water, circulating cold acetone which was cooled 
copper coil surrounded acetone-solid CO,, the circula- 
tion being maintained means small electric pump). 
External cooling was also applied which consisted ice- 
water solid acetone. Electrolyses employing 
smaller electrodes were carried out 
boiling tube (diameter 3-5 height cm.) with external 
cooling only. all cases the electrodes were reversed 
periodically minimize coating. Occasionally was 
necessary stop the electrolysis, remove the electrodes and 
wipe off the gummy material; this was not necessary after 
the introduction the very cold acetone cooling system. 
The d.c. potential was 110v. 

Isolation products. Procedure involved 
acetate (1:1) extraction, washing the ether with saturated 
(twice) and water (three times) and drying with 

Procedure the methanolic solution after electrolysis 
was added acetic acid slight excess (approx. 1-1 mol./ 
mol. used the electrolysis). Most the solvent was 
then removed distillation, the last traces being removed 
with the aid water pump and the residue subjected 
procedure Evaporation the organic solvent gave 
neutral fraction g.) and acidification the 
solution yielded insoluble acid fraction, which 
was collected and washed with water. After drying (vacuum 
desiccator days) the neutral fraction was dissolved 
prepared from slurry ether. The column was then eluted 
turn with ether, 1:1 and finally methanol. 

Procedure This consisted refluxing the appropriate 
product with ethanolic KOH product) for 
approx. hr. The saponified solution was diluted about 
times its volume with water, and filtered. The residue was 
washed with water give neutral residue. The filtrate, 
together with the washings, was acidified give in- 
soluble acid. 


Preparation half-esters 
Methyl hydrogen 
acid (Brown, 1946) was converted into the anhydride (Naps 
Johns, 1940), and this mol.) was refluxed water 
bath with methanol (1-04 mol.) for The resulting 
mixture half-esters was used without further purification. 
and anhydrides. The was 
resolved means the strychnine salt (Berner, Leonardsen, 
Dahl, 1939), the being 
three times from benzene until complete optical purity was 
obtained. The anhydrides were then treated with methanol 
described above give the corresponding half-esters. 
Methyl hydrogen This compound was 
prepared and resolved (Linstead al. 1950). 


Preparation bile acids with extended side chains 

25:26-Bishomocholic acid. Cholic acid (20-4 g.) and methyl 
hydrogen succinate (19-8 g.) were added solution 
(0-20 g.) methanol (600 The solution was electro- 
lysed with two platinum electrodes (5-0 cm. 6-0 cm.) ata 
distance apart about 2-3 mm. The current varied from 
during the first thereafter dropping off 
rapidly. total electrolysis time 2-5 hr. the reaction 
was stopped and the product submitted procedure 
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yielding neutral fraction (approx. g.), together with 
acidic fraction g.) which drying and crystallization 
from ethyl acetate yielded cholic acid, m.p. and mixed m.p. 
The neutral fraction was chromatographed 
Al,O, eluates 11. each being collected and 
giving fractions 1-18. Combined fractions (eluent, 
ether) were oils (total 5-5 g.). Fractions [eluent, ether/ 
ether—acetone (1:1)] were oils (1-0 g.) which gave negative 
Hammarsten test. Combined fractions and (eluent, 
acetone) furnished oil g.), which after procedure 
yielded chiefly neutral and insoluble acid 
(0-10 g.) which was collected and washed with water. 
Fractions 10-12 (eluent, acetone) gave crystals (3-1 g.), 
which similar hydrolysis (procedure yielded very 
neutral material and acid g.) similarly treated. The 
two samples acid were combined, dried and recrystallized 
twice from ethyl acetate give small platelets 25:26- 
bishomocholic acid, m.p. 194-195°, mixed m.p. with cholic 
acid (m.p. 173-195°; ethanol 
(c, 2-0). Yield, 22%. (Found: 69-8; 10-25. for 
acid methanol was treated with diazomethane (excess). 
the solvent and chromatography the product 
alumina yielded acetone fraction, which recrystal- 
lization from afforded long needles 
methyl 25:26-bishomocholate, m.p. mixed m.p. 
with methyl cholate (m.p. 147°) (Found: 71-6; 

was also obtained direct recrystallization the crystal- 
line material from fractions 10-12 (above). Both bishomo- 
cholic acid and its methyl ester gave blue colour the 
Hammarsten test. 

Fractions (eluents, acetone for and methanol 
for 17-18) did not yield any acidic material hydrolysis. 
The material from fraction 17, crystallization from 
methanol, afforded needle-like crystals 
m.p. 
313° (shrinking 180°). 

similar electrolysis employing cholic acid (20-4 g.), 


(curr time gave neutral product (36 g.) 
which was separated (600 g.) described above, 
eluates 11. each being collected. Fraction (eluent, 
ether) was oil (23 g.). Fractions 2-6 (eluent, 1:1 
acetone) were oils (1-6 g.). Fraction (eluent, acetone) was 
oil (0-6 g.) which gave deep-yellow colour with tetra- 
nitromethane Fraction (eluent, acetone) was 
oil (1-1 g.) which gave faint-yellow colour with tetranitro- 
methane Fractions (eluents, acetone) were 
crystalline (total 4-2 g.). Each fraction was separately sub- 
jected procedure yield every case neutral residue 
together with insoluble acid which was filtered off, 
washed and dried vacuo. Three crystallizations the 
combined acids from ethyl acetate yielded 25:26-bishomo- 
acid (2-7 g.), m.p. 195°. The neutral material from 
fraction crystallization from small quantity 
acetone gave crystals 
cholene, m.p. 179-181°. (Found: 75-2; 10-9. 
requires 75-75: 11-05.) 


Dehydrobishomocholic 


cholic acid). acid (890 mg.) acetic 
acid (10 ml.) was treated with 20% CrO, (2-7 ml.) with 
cooling. After min. 20°, the mixture was poured into 
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water, which was then saturated with NaCl and allowed 
stand overnight. The solid was filtered off, dis- 
solved excess warm and the solution cooled 
and filtered. The filtrate with excess 
the precipitated acid filtered off, washed with water and 
recrystallized from (3:1), yield small 
needle-like crystals dehydrobishomocholic acid (3:7:12- 
acid), m.p. (de- 
comp.), with darkening 217°; mixed m.p. with 
cholic acid (m.p. 218-230°. (Found: 72-6; 

Ethyl 25:26-bishomocholanate. The dehydro acid (190 mg.) 
hydrate and diethylene glycol (8-0 ml.). The 
mixture was refluxed for after which time the 
temperature was raised 208° removal the condenser, 
and refluxed for further hr. The reaction mixture was 
cooled, treated with water and acidified with The 
resulting precipitate was collected, washed, dissolved 
ethanol and treated with diazoethane give product, 
which, after removal the solvent, was adsorbed 
Al,O, and eluted with (1:1) 


(approx. 200 ml.). Evaporation the eluate left crystals 
which, recrystallization from 90% ethanol, gave ethyl 


25:26-bishomocholanate, m.p. 59-5-60-5°. (Found: 80-0; 
25-Homocholic acid. solution cholic acid (10-2 g.), 
and methanol (450 ml.) was electrolysed 
while ethyl hydrogen malonate was added the following 
manner: min., 7-0 g.; and 100 min., 3-5 methanol 
(25 ml.) (total, 14-0 g.). Two electrodes 
were used distance apart 2-3 mm. The current varied 
from and the duration the electrolysis was hr. 
Procedure yielded acid (8-9 g.), together with 
neutral fraction. Chromatography the latter the 
manner described above gave, after initial elution with ether, 
oils from the acetone eluates which were combined and sub- 
jected procedure The insoluble acid obtained was 
extracted procedure yield oil (0-2 g.), which was 
combined with similarly obtained oil resulting 
from elution the column with acetone—methanol (1:1). 
The combined product, standing with little acetone 
overnight, gave crystals which recrystallization from 
acetone yielded 25-homocholic acid 
m.p. with authentic sample (m.p. 
mixed m.p. with cholic acid (m.p. 
201°]. Yield, 37%. 
acid. Cholic 
acid and methyl 
(10-95 g.) wereadded toasolution g.) methanol 
(70 The mixture was electrolysed with electrodes 
The current was about and the reaction 
time was Procedure gave recovered cholic acid 
(3-7 g.) and neutral fraction (5-0 g.). The latter chro- 
matography (250 ml. eluates) gave fractions (eluent, 
ether; oil, 3-7 g.); fractions [eluent, (1:1)] 
and (eluent, acetone), traces oil; fraction (eluent, 
acetone; oil, 0-15 g.); fractions (eluent, acetone; oils, 
combined wt. 0-885 g.). This last oil (0-885 g.) procedure 
formed insoluble acid (0-6 g.) giving weak (blue) Ham- 
marsten HCl test. The acid recrystallization twice from 
ethyl acetate yielded needles 
acid, m.p. with some softening 
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acid, 46%. (Found: 69-2; 10-2. 
requires 69-2; This acid (48 mg.) was esterified 
with 2-5% (v/v) ml.) for hr. room 
temp. The product was poured into aqueous NaHCO, and 
extracted with ether. Evaporation the washed ether 
furnished (?)ethyl 
m.p. 

electrolysis which identical quantities with the 
above were used, but with methyl hydrogen 
succinate (prepared from the place the 
yielded final acid product which was identical 
every way with the product described above 
acid. 

acid. 
electrolysis (14/7 hr.) with cholic acid methyl 
methanol (100 ml.) resulted, after procedure re- 
covered cholic acid fraction 5-0 and neutral product 
(10 g.), which was chromatographed. Ether (500 ml.) and 
were passed through the column 
and the eluates discarded. Elution with acetone 1.) gave 
oil which procedure yielded insoluble acid; after 
four crystallizations from ethyl acetate the acid yielded 
ethanol (c, 2-13), mixed m.p. with 
Japanese acid (m.p. kindly supplied Pro- 
fessor Kazuno), (Found: 72-0; 10-4; cale. 
for 72-0; The infrared spectra the 
two acids were compared Wootton and found 
identical. 

and -25-L-26-homocoprostanic 
acids. solution cholic acid (8-16 g.), methyl hydrogen 
methanol (80 ml.) was electrolysed for with 
procedure gave recovered cholic acid (5-5 g.) and neutral 
product (9g.). This latter was then chromatographed, 
eluates 300 ml. being collected. Combined fractions 1-2 
(eluent, ether) gave oil (5-1 g.). Fraction (eluent, ether— 
acetone 1:1) and fractions (eluent, acetone) gave traces 
oil, which procedure gave acid product, from 
which crystals 
stanic acid, m.p. (see below), were obtained. 
Fraction (eluent, acetone) furnished oil (0-22 g.) which 
(eluent gave oil (1-44 g.) which 
procedure furnished acid (0-805 g.). This acid 
lization from acetone and recrystallization from ethyl 
acetate gave fine crystals 
homocoprostanic acid, m.p. (see below) 
requires 10-4%.) This acid gave 
yellow colour, finally developing greenish shade after 
several hours, the Hammarsten test. 

acid. 
similar electrolysis (current temp. time hr.) 
with hydrogen (58 g.), cholic 
acid (30 g.) and (0-9 g.) methanol (600 ml.) resulted, 
after procedure and chromatography the neutral 
fraction, the isolation from the combined acetone fractions 
oil, which was hydrolysed procedure give 
acid, recrystallization which three times from ethyl 
acetate gave 
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absolute ethanol) and two crystallizations from 
petroleum (b.p. yielded ethyl 
25-p-homocoprostanate, m.p. (Found: 

acid. 
similar electrolysis (current 4-24; temp. approx. 30°; time 
(17-5 g.), cholic acid and g.) methanol 
(200 ml.) likewise gave, after procedure chromatography 
and hydrolysis procedure 
10-4.) 

acid. 
acid (2-1 g.) was esteri- 
fied with diazomethane and the resulting ester benzene 
(20 ml.) was added over period min. Grignard 
complex prepared from g.), bromobenzene (9-6 ml.) 
and ether (30 ml.). The mixture was warmed water 
bath for and left room temp. overnight. This 
product was treated with and subjected 
procedure give gum; this was refluxed with aq. 
ethanolic (1:1) KOH (2m) order hydrolyse unchanged 
ethyl ester, and the neutral fraction extracted into ethyl 
acetate. This was washed once with water, twice with 
saturated NaHCO, and twice with water, the ethyl acetate 
solution dried (Na,SO,) and evaporated give gum. This, 
after drying for days vacuo, was acetylated for min. 
with acetic acid (35 ml.), acetic anhydride (30 ml.) and 
perchloric acid (0-3 ml.). This mixture was poured into 
water (100 ml.) and extracted with ether, the ether washed 
twice with aqueous NaHCO,, twice with water, dried 
(Na,SO,) and evaporated. The crude acetate was then dis- 
solved benzene and chromatographed (90 g.). 
The column was developed with benzene (200 ml.), 
ether (1:1) (50 ml.) and ether (800 ml.), the material eluted 
the ether being isolated gum. This was oxidized 
dissolving ml.), acetic acid (24 ml.) and treating 
over min. with CrO, (1-0 g.) water acid 
(21 ml.) 40°. After keeping this mixture 40° for 
further methanol (1-0 ml.) was added and the 
mixture poured into water (approx. 150 ml.). The aqueous 
phase was subjected procedure followed hydrolysis 
according procedure This yielded brown gum which 
crystallized from ethyl acetate give short rod-like 
m.p. (50 mg.), recrystallization which 
(ethyl acetate) gave 
acid, m.p. ethanol (c, 0-7). 
The infrared spectrum this acid was identical 
with that the natural acid isolated from alligator bile 
(Haslewood, 

acid. 
acid (110 mg.) was esteri- 
fied with diazomethane and the resulting ester benzene 
ml.) was added Grignard complex prepared from 
(100 mg.) and bromobenzene ml.) ether (10 ml.). 
After hr. refluxing water bath the mixture was left 
overnight, after which time was treated with 
(approx. ml.) and subjected procedure The crude 
(neutral) carbinol was refluxed with ethanolic KOH ml.) 
and re-extracted procedure The resulting carbinol was 
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refluxed with acetic acid and acetic anhydride 
ml.) for 2hr., after which the product was again 
extracted procedure yield oil (150 mg.). This oilin 
benzene was chromatographed g.), when the 
diphenyl was eluted with benzene. Ether eluted oil 
(60 mg.) which was dissolved (1-0 ml.) with acetic 
acid and treated with CrO, water 
(0-4 acid (1-5 ml.) for 0-75 hr. water bath 
maintained 50°. After cooling and the addition 
methanol (0-5 ml.) and water the product was 
isolated procedure and hydrolysed refluxing 
(0-5 hr.) with ethanolic KOH ml.). This hydrolysate was 
filtered, the filtrate acidified with aqueous HCl and the pre- 
cipitated acid removed filtration. After drying, the acid 
was recrystallized twice from ethyl acetate yield crystals 
mg.) acid, m.p. 
194-196°, mixed m.p. with the Japanese acid (above) 
194-196°. 
SUMMARY 

The Kolbe electrolytic cross-coupling syn- 
thesis has been employed for the synthesis homo- 
cholic, bishomocholic, 
coprostanic and the two and 
trihydroxyhomocoprostanic acids, the latter two 
compounds being thus related and 
glutaric acids and hence and 
Thetwo (25-Land 
homocoprostanic acids were degraded the 
Wieland—Barbier method into the two correspond- 
ing and 
acids. These latter two acids were identical 
with the two naturally occurring 
oxycoprostan-26-oic acids (Japanese and 
acids respectively), which 
have been isolated from the biles various species. 

The formation new asymmetric centre 
the oxidation vivo group cholesterol 
give bile alcohols bile acids may considered 
non-specific, the sense that both optical 
isomers are obtained. 
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The Isolation Cytidine Diphosphate Glycerol, Cytidine Diphosphate 
Ribitol and Mannitol 1-Phosphate from Lactobacillus arabinosus 


Department Chemistry, University Durham, King’s College, Newcastle upon Tyne 


(Received May 1956) 


was shown earlier (Baddiley Mathias, 1954) 
that hot aqueous ethanolic extracts Lactobacillus 
arabinosus contain, addition many the 
known nucleotide coenzymes, two hitherto un- 
described cytosine nucleotides. When the work was 
started the only known natural cytosine nucleotides 
were those obtained chemical enzymic 
hydrolysis nucleic acids. More recently the 


presence cytidine 5’-mono-, -di- and -tri-phos- 
phates has been demonstrated various animal 
tissue extracts (Hurlbert, Schmitz, Brumm 
Potter, 1954). The natural occurrence these 
simple cytosine nucleotides suggests that de- 
rivatives cytidine 5’-pyrophosphate with co- 
enzyme function might also found. This 
supported the recent discovery that cytidine 
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diphosphate choline coenzyme the synthesis 
lecithin from phosphorylcholine (Kennedy 
Weiss, 1955). 

Preliminary analysis the impure cytosine 
nucleotides from arabinosus suggested that they 
were monophosphates derived from cytidine 5’- 
phosphate and bearing substituents the phos- 
phate groups. have now repeated the isolation, 
purification and analysis these bacterial nucleo- 
tides. 

Our earlier isolation technique was laborious and 
difficult, since involved ion-exchange chromato- 
graphy followed preparative-scale paper chro- 
matography order separate the two cytosine 
nucleotides from each other and from inorganic 
phosphate. much more satisfactory method 
here and includes gradient elution 
Dowex-2 resin (formate form), followed ad- 
sorption charcoal and elution with ammonia. 

1-phosphate has also been isolated 
appreciable amounts from this micro-organism. 


EXPERIMENTAL 


grown hydrolysed casein medium supplemented with 
yeast extract and trace elements described previously 
(Baddiley Mathias, 1954), but growth was allowed take 
place 28° for hr. rather than the higher temperature 
used before. the later stages the work the organism 
was grown 1001. batches Belton, Ministry 
Supply, Microbiological Research Department, whom 
are greatly indebted. Cells were harvested and extracted; 
the nucleotides were precipitated their mercury salts and 
then converted into ammonium salts described previously. 


chromatography 


Measurements ultraviolet absorption were made 
means Unicam ultraviolet spectrophotometer, with 
1-0 em. silica cell. 

The conditions required give satisfactory separation 
the two cytidine nucleotides gradient elution 
Dowex-2 resin (formate form) were determined series 
small-scale analytical runs. The most satisfactory procedure 
was scaled allow the separation nucleotides from 
100 batch culture follows: 

Dowex-2 resin (chloride form) was converted the 
formate form (Hurlbert al. 1954) and the extremes fine 
and coarse particles were removed repeated settling 
the resin, followed decantation. column resin 
cm. long was formed glass tube (52 em. em.) 
containing glass-wool plug the lower end. The resin was 
added five portions and was allowed settle under 
pressure approx. Finally the column was 
washed with water containing few drops for 
sterilization purposes. The rate flow was conveniently 
adjusted applying pressure. 

The ammonium salts the nucleotide fraction from 
weight) 1-5 water adjusted 7-0 were run the 
column rate not exceeding 4-5 ml./min. Nucleosides 
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and lightly adsorbed materials were washed off the resin 
with approx. 21. water, which reduced the optical density 
260 mu. the eluate less than 0-1. 

Gradient elution the nucleotides from the column was 
performed with increasing concentration formic acid 
(Hurlbert al. 1954), and fractions 14-2 ml. were col- 
lected with automatic fraction collector. The optical 
density 260 my. each fraction was measured, and the 
nature the purine pyrimidine base present each peak 
was established from the characteristic ratio optical 
densities 275 and 260 (Hurlbert al. 1954). Fig. 
shows typical elution diagram obtained under the condi- 
tions described. 

The mixing flask initially contained water (1400 ml.) and 
the reservoir formic acid. point the acid the 
reservoir was changed and point 4n. The 
gradient was approximately linear (Cherkin, Martinez 
Dunn, 1953). Peak corresponds the nucleo- 
tide previously called CPX (Baddiley Mathias, 1954), and 
peak the other cytosine nucleotide (CPY). These have 
now been identified cytidine diphosphate ribitol and 
cytidine diphosphate glycerol respectively. The other peaks 
have been tentatively identified follows. Peak 
diphosphopyridine nucleotide with some cytidine 
phosphate. The latter was shown present rechro- 
matography peak small Dowex-2 (formate) 
column, gradient elution with ammonium formate 
solution. Peak II: adenosine 5’-phosphate. Peak 
adenine derivative. This peak emerges with peak the 
formic acid stage omitted the elution. small- 
scale run the eluate corresponding these combined peaks 
was freeze-dried and the resulting solid was hydrolysed with 
72% (w/v) 100° for hr. The hydrolysate was 
chromatographed Whatman no. paper 
(Smith Wyatt, 1951), with descending front. 
examination the dried paper ultraviolet light three 
spots were observed. values are not recorded because 
the solvent was allowed drip from the paper.) The spots 
were cut out and eluted, together with ‘blank’ spots, and 
measurement the spectra the eluted materials showed 
them adenine, cytosine and cytidine. The last arose 


from incomplete hydrolysis CPX. (The used was 
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old sample and had apparently deteriorated.) Peak VI: 
mainly guanosine 5’-phosphate. The elution was discon- 
tinued beyond fraction number 290. 


Charcoal purification nucleotides 


Norit grade charcoal was washed several times alter- 
nately with formic acid and solution containing ethanol, 
water and aqueous NH, (sp.gr. 0-880) (5:4:1 vol.). The 
charcoal was finally washed with water until neutral. The 
fractions corresponding each cytidine peak were bulked 
and treated separately follows: 

the bulked fractions (approx. 250 ml. solution) was 
added washed charcoal. After vigorous stirring for 
min., followed standing for min., the suspension was 
filtered through bed washed Supercel (Johns-Manville 


Co. Ltd.) silica formed small glass column (diam. em.) 


plugged the lower end with glass wool. The small charcoal 
column thus formed was washed with 100 ml. formic 
acid and the washings were added the filtrate. The charcoal 
was washed with water until the washings were neutral and 
the nucleotide was then eluted during period hr. 
passing through the column 100 ml. mixture ethanol 
(25 vol.), water (24 vol.) and aqueous NH, (sp.gr. 0-880; 
Without delay, the ammoniacal solution was 
evaporated under reduced pressure below 20° about 
and the ammonium salt the nucleotide was finally 
obtained freeze-drying this solution. 

The contaminating non-nucleotide phosphoric esters 
were present the formic acid filtrate and washings from 
the charcoal column; the esters were recovered evapor- 
ating the solution under reduced pressure below 25° small 
bulk and subsequently freeze-drying. 

typical experiment, starting with 100 medium, 
the net weight harvested cells was 298 From this the 
cytidine, and the yield CPY (CDP-glycerol) was mg., 
also calculated cytidine from its optical density 280 
The recovery from the charcoal both cases was about 
80%. 


Paper chromatography cytosine nucleotides 
and related compounds 


Ascending-front chromatography was carried out 
Whatman no. paper, previously washed with dilute acetic 
acid, then with water. Spots were examined under ultra- 
violet light and phosphoric esters were detected the 
perchloric spray reagent Hanes 
Isherwood (1949). Substances containing 
grouping were detected the spray 
reagents (Buchanan, Dekker Long, 1950; Baddiley, 
Buchanan, Handschumacher Prescott, 1956). The di- 
phosphopyridine nucleotide spot gave the blue fluorescence 
ultraviolet light characteristic quaternary pyridinium 
compound after exposure for hr. the vapour mixture 
ethyl methyl ketone vol.) and aqueous NH, (sp.gr. 
0-880; vol.) described Kodicek Reddi (1951). 

The solvent systems used were follows: 
aqueous NH, (sp.gr. 6:3:1 vol. (Hanes 
vol., the organic phase being used (Partridge Westall, 
vol. acid and solution; 
Doniger, Elson, Magasanik Vischer, 1950). 
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Identification 1-phosphate 


The non-nucleotide phosphoric ester which was separated 
from CDP-ribitol the charcoal treatment appeared 
homogeneous when run paper several solvent systems. 
the solvent system the ester had 
0-30. 1-phosphate was isolated from 
this eluate the following manner. Ammonium formate 
was added slightly excess that required neutralize 
the primary dissociation. Water and formic acid 
were removed concentration vacuo small volume, 
then freeze-drying. The residue obtained this way from 
three 1001. batches bacterial culture was dissolved 
water and the solution was passed through column 
(30 1-5 em.) Amberlite (H* ion form) resin. 
The eluate was adjusted with Ba(OH), solution 
clarified centrifuging, and evaporated vacuo ml. 
Ethanol (15 ml.) was added and the precipitated barium 
salt was collected centrifuging. The barium salt was dis- 
solved water ml.) and reprecipitated with ethanol 
(15 ml.), then washed with acetone and dried desiccator 
over The yield was 940 mg. This was homogeneous 
determined paper chromatography. (Found: 6-9; Ba, 

sample (approx. the phosphate (obtained 
running the ammonium salt paper chromatogram 
solvent system and eluting) water (approx. was 
mixed with solution containing mg./ 
ml.) and the solution was kept room temperature for 
amount Dowex-50 (H* ion form) resin was 
added and the solution evaporated vacuo. The 
residue was run paper chromatogram. similar 
experiment was carried out «-glycerophosphate (10 
solution containing mg. the phosphate/ml.) 
order produce standard preparation glycoll- 
aldehyde phosphate. 

(80 ml.:2 g.:20 ml.) 
both products had 0-5 (descending-front method); 
solvent system both had 0-33 (ascending front). The 
substances were detected spraying with the molybdate 
reagent (Hanes Isherwood, 1949) and with periodate 
followed Schiff’s reagent (Buchanan al. 1950; Baddiley, 
Buchanan, Handschumacher Prescott, 1956). The blue 
colour the latter method developed slowly. 

was prepared from the phosphate the 
action phosphatases. The barium salt the phosphate 
(940 mg.) was dissolved water (100 ml.) and ammonium 
acetate buffer (25 ml., 7-5) was added, followed 
solution Polidase-S (Schwarz Laboratories Inc.) 
(25 ml.) which had been dialysed against water, and few 
drops toluene. The solution was incubated 37° and 


Table 


values substances from 
column 


Whatman no. filter paper was used. Details the 


solvent systems are given the text. 


Cytidine 5’-phosphate 0-26 0-53 
Adenosine 5’-phosphate 0-32 0-11 0-61 
Diphosphopyridine nucleotide 0-24 0-03 0-60 
CDP-ribitol 0-35 0-34 
CDP-glycerol 0-38 0-39 
Mannitol 1-phosphate 0-36 
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after hr. sample was withdrawn and examined 
paper chromatography. About half the phosphate had 
been liberated inorganic orthophosphate. Barium 
phosphate was removed centrifuging, the was ad- 
justed with acetic acid, and ml. prostate phos- 
phatase solution, obtained from Schmidt, was added. 
After hr. 37° hydrolysis was complete. The solution 
was centrifuged, then passed through column (1-8 
cm.) Dowex-50 (H* form) resin remove and 
NH,* ions. Water was removed evaporation vacuo, 
whereupon the residue mannitol crystallized. Recrystal- 
lized from ethanol formed needles (231 mg.), m.p. 166°, un- 
depressed admixture with authentic sample, m.p. 166°. 
Its hexa-O-acetyl derivative had m.p. 125°, 
(c, 3-4 benzene), also undepressed when mixed with 
authentic sample, m.p. 125°, (c,3-4 benzene). 
The polyol and authentic mannitol were identical their 
behaviour paper chromatography. solvent system 
both had 0-58 and acetate—water 
(2:7:1 vol.) they had 0-12. 

Charcoal appeared separate two non-nucleotide 
phosphoric esters from CDP-glycerol. These had values 
the solvent system 0-26 and 
0-30 respectively. The substance with the latter value 
probably p-mannitol 1-phosphate. 


Determination base phosphorus ratios 
cytosine nucleotides 


Total phosphorus determinations were carried out 
chromatographically pure samples nucleotides the 
method Allen (1940). The ‘cytidine’ content was deter- 
mined from the optical density 280 my. 
assuming value 800 for The following ratios 
base:P were found: CDP-ribitol, 1:1-85; CDP-glycerol, 
1:2-03. each case the phosphate present was 
less than the total phosphate. 


RESULTS AND DISCUSSION 


the earlier ion-exchange separations 
(chloride form) the two cytosine nucleotides were 
obtained single fraction which contained large 
amount inorganic phosphate. When Dowex-2 
(formate form) was used with continuously in- 
creasing concentration formic acid during the 
elution, clean separation the two substances was 
achieved (see Fig. 1). These were examined 
paper chromatography 
water. cross-contamination was observed, but 
adenine nucleotide impurity was 
detected both substances. inorganic phos- 
phate could detected any the fractions 
the point which guanosine 5’-phosphate had been 
eluted. 

The first cytosine nucleotide eluted from 
the column (previously called CPX, Baddiley 
Mathias, 1954) had lower n-propanol— 
than the second cytosine nucleotide 
(previously called CPY) (see Table for values). 
Both nucleotides were contaminated with non- 
nucleotide phosphoric esters. These could not 
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separated ion-exchange chromatography and 
had values similar the cytidine compounds 
ammonia—water. Good separation these phos- 
phates from the nucleotides was achieved 
adsorption the latter charcoal, followed 
elution with aqueous ethanolic ammonia. 

The two cytidine compounds when purified the 
above manner usually moved paper single 
spots, the first nucleotide from the column moving 
more slowly than the second. When 
phorus ratios were determined earlier impure 
samples value about 1:1 was obtained each 
case. However, the large blank values for ortho- 
phosphate these determinations were disturbing 
and these ratios have been redetermined. 
found from the absorption light 280 and 
from total phosphorus values highly purified 
samples that both nucleotides contain two phos- 
phate groups one cytidine residue. 

The nucleotide with the higher 
ammonia has been identified cytidine diphos- 
phate glycerol (CDP-glycerol) (I), which the 
pyrophosphate group joins cytidine position 
with glycerol the «-position. This structure has 
been deduced from study the products 
hydrolysis CDP-glycerol with acid, alkali and 
enzymes. short account this evidence has been 
presented already (Baddiley, Buchanan, Carss, 
Mathias Sanderson, 1956), and full details will 
published elsewhere. 

not yet possible assign definite function 
this nucleotide, but its structure strongly 
suggests that may coenzyme for some enzymic 


(1) 


oO 
| | 


q 

NH, 

NH, 
| 
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reaction which involves glycerophosphate. 
analogy with CDP-choline, possible that 
might participate phospholipid synthesis 
which could act donor the «-glycero- 
phosphate residue bases fatty acids. 

The other cytosine nucleotide has been identified 
somewhat similar manner cytidine diphos- 
phate ribitol (CDP-ribitol) (Baddiley, Buchanan, 
Carss Mathias, 1956). The configuration the 
ribitol 1-phosphate residue this nucleotide not 
yet settled, and not possible relate 
biochemically 5-phosphate (or 
ribulose 5-phosphate) the one hand 
(or D-ribulose 1-phosphate) 
the other. 

The function the ribitol nucleotide unknown. 
would seem likely that acts coenzyme 
some reaction involving pentitol 1-phosphates. 
Although pentitols, ribitol (adonitol) 
have been found occur naturally, and are utilized 
some micro-organisms, the mechanism their 
metabolism unknown and pentitol phosphates 
have not been detected hitherto. 

The presence these nucleotides arabinosus 
suggests the existence active polyol meta- 
bolism this organism. This further supported 
the identification one the non-nucleotide 
achieved enzymie dephosphorylation 
mannitol, characterized the free polyol and 
its hexa-O-acetate. The phosphate must occupy 
position since treatment with periodate gave 
glycollaldehyde phosphate (identified chromato- 
graphically), which proves the presence the 
grouping Posi- 
tions and mannitol are identical. 

Until recently hexitol phosphates had not been 
detected Nature. known, however, that 
fructose 6-phosphate reduced mannitol 
phosphate the presence DPN and enzyme 
which occurs certain bacteria (Wolff Kaplan, 
1956). arabinosus contains particularly large 
amounts this enzyme. 


CYTOSINE NUCLEOTIDES FROM ARABINOSUS 


SUMMARY 


Cytidine diphosphate glycerol, cytidine di- 
phosphate ribitol and 1-phosphate have 
been isolated from Lactobacillus arabinosus. 

The method isolation includes gradient- 
elution chromatography Dowex-2 resin and 
adsorption charcoal. 

The ratio both nucleotides 
was 1:2, indicating that they are derivatives 
cytidine diphosphate. 


are indebted the Nuffield Foundation for grant. 
One thanks the Council King’s College for the 
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Thermodynamic Quantities for the Dissociation Equilibria 
Biologically Important Compounds 


THE DISSOCIATION CALCIUM GLUCOSE 1-PHOSPHATE* 


Department Biochemistry, University College, London 


(Received June 1956) 


There considerable evidence that the calcium least squares. From these constants were calcu- 
salts many multivalent acids are incompletely smoothed values —log and the thermo- 
dissociated solution (Martell Calvin, 1952); dynamic quantities associated with the dissociation 
among others the dissociation constant 

hydrogen phosphate has been measured (Green- METHOD 

wald, Redish Kibrick, 1940; Davies Hoyle, apparatus, the general technique and the materials, 
1953). Since glucose 1-phosphate (G1-P) known except the CaCl,, were the same for (Clarke al. 
calcifying cartilage (see, for example, solution CaCl, was made dissolving weighed 
McLean Urist, 1955) interest obtain amount (Specpure, Johnson Matthey and Co., 


detailed information about any interactions between E.C. slight excess The concentration 
its anions and ions. chloride this solution was estimated gravimetrically 


The titration curves with hydro- AgCl. The e.m.f.’s were measured absolute volts and the 


acid the presence sodium chloride 


show that ions interact with the species 


but not with These findings are 
similar those with ions and G1-P (Clarke, 
Cusworth Datta, 1954). has therefore been 
assumed that the only complex formed significant 
amounts and the possibility that com- 
plexes such CaHG1-P* were 
formed has been ignored. 

Accordingly, G1-P buffers containing calcium 
chloride were examined potentiometrically cells 
without liquid junction the type 

CaCl, AgCl. 
10°, 20°, 30°, 40° and 50°. From the e.m.f. these 
cells, together with the values m,, and m,, the 
dissociation constant CaG1-P 


(1) 
was calculated the method used for the mag- 
nesium salt (Clarke al. 1954). 
The values —log different temperatures 


were found vary according the Harned 


Robinson (1940) equation 
where the absolute temperature and Fig. Titration dipotassium glucose 1-phosphate with 
are constants which were evaluated the method HCl the presence NaCl and CaCl, equal ionic 
Present address, Services Electronic Research Labora- glucose and ml. 
tory, Baldock, Herts. CaCl,. 
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Table Calcium glucose Molalities (m) and ionic strengths solutions, e.m.f.’s cells 
absolute volts (corrected atm. pressure hydrogen and rounded temperatures) and extrapolation 


functions (y) 


these solutions For definition symbols see Ashby, Crook Datta (1954). 


10° 0-71258 0-70654 0-70461 0-69889 0-69223 0-69095 0-68479 0-67299 
20° 0-72309 0-71674 0-71473 0-70185 0-70055 0-69418 0-68885 
al. 
50° 0-76089 0-74576 0-72905 0-72779 0-72071 0-71449 0-71108 0-70684 
Table glucose 1-phosphate. Observed and calculated values rounded tempera- 
tures, together with values the slopes the extrapolations, the constants the equation 
—log where the absolute temperature, the minimum value —log and 
the temperature which occurs 
Temp. (obs.) 
10° 2-418, 0-39 2-420 
2-468, 0-44 2-467 A=1517 
2-528, 0-48 2-526 C=0-02298 
=0-005 
Table Thermodynamic quantities associated with the dissociation calcium glucose 1-phosphate 
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RESULTS 


The measured e.m.f.’s, together with the values 
the molalities the various species and the value 
the extrapolation function 

are given Table The extrapolated values 
—log infinite dilution, the slopes the 
extrapolations, the values and (equation 
and the smoothed values —log are given 
Table The thermodynamic quantities associated 
with the dissociation and 37° are 
given Table The standard errors the results 
given Tables and were calculated according 
Please (1954). 


(3) 


DISCUSSION 


The dissociation constants are very 
similar those over the temperature 
range studied, the two constants being the same 
37° the values AG® for the dissociation 
the and magnesium salts are virtually 
identical (15 280 and respectively), 
but the values AH® and are both less negative 
for the calcium salt than for the magnesium salt 
(AH® —13 260 and —15 2003/mole; AS® and 
s/mole/degree respectively). These differences 
possibly reflect the greater degree hydration 
the ion and the greater decrease the entropy 
the solvent caused this ion consequent its 
ion fact 


smaller crystallographic radius, 
(Pauling, 1945). That the 
more hydrated than the ion aqueous solution 
indicated conductivity data, which give 
hydration numbers and respectively 
(Robinson Stokes, 1955). 

has been stated above, evidence was found 
for the existence complexes between Ca?* ions 
and Davies Hoyle (1953) have, how- 
ever, found evidence for the existence the two 
complexes CaHPO, and CaH,PO,*, the —log 
values for the dissociations which are 2-699 and 
1-076 respectively 25°. The complex 
thus times less stable than CaHPO,. with the 
magnesium salts the complex CaG1-P less stable 
than CaHPO,, and the absence any detectable 
complex between Ca?+ and HG1-P ions may due 
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the large size the anion compared with that 
The possibility that the undetected 
presence such complex affected the results 
reported here was minimized keeping the concen- 
tration G1-P?-greater than that 
the solutions studied. 


SUMMARY 


The thermodynamic dissociation constants 
calcium glucose 1-phosphate have been measured 
10° intervals from 10° 50° using hydrogen and 
chloride electrodes cells without 
liquid junction. 

From these measurements have been calcu- 
lated the changes standard free energy, heat 
content, entropy and heat capacity for the dissocia- 
tion 25° and 37°. 

Sufficient information has been given for the 
dissociation this salt considered quanti- 
tatively any kinetic other study glucose 
phosphate the presence ions. 


The authors thank the Central Research Fund the 
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Ion-Exchange Reagent for Use the Chromatography 
Large Peptides 


Low Temperature Station for Research Biochemistry and Biophysics, University Cambridge, 
and Department Scientific and Industrial Research 


(Received April 1956) 


attempts determine the amino acid sequence 
proteins, two major problems arise which are yet 
unsolved. The first the development methods 
for the specific cleavage the protein chain into 
limited number fragments size that not too 
great for sequence analysis the methods in- 
troduced Sanger and his colleagues (Sanger, 
1945; Sanger Tuppy, 1951). The second 
devise methods suitable for the isolation and puri- 
fication the chain fragments and, not less 
important, provide rigid tests for the chemical 
homogeneity the peptides isolated. Digestion 
with proteolytic enzymes provides possible 
solution the first these problems. However, 
since the cleavage the various susceptible bonds 
proceeds very different rates, the reaction cannot 
brought wholly completion; thus some the 
chains are degraded less extent than others and 
this gives rise great increase the complexity 
the mixture separated. 

successful fractionation procedure must 
suitable for the separation peptides containing 
some residues und must have very 
high resolving power; must also able 
deal with quantities the order mg. each 
peptide. With these considerations mind, was 
thought probable that elution chromatography 
would provide the only method fractionation 
with sufficient resolving power and which the 
same time would capable handling the amount 
material required. avoid difficulties due 
irreversible adsorption, preference was given the 
investigation ion-exchange reagents rather than 
molecular adsorbents such charcoal. 

Conventional ion-exchange resins are unsuitable 
for the purpose since peptides this size diffuse 
only slowly within the gel-like structure the resin 
particles. The position improved somewhat 
resins having very low degree cross-linking are 
used; but here difficulty met with the very 
high degree swelling and shrinking suffered 
such resins the ionic strength the 
ambient solution varied. However, seemed 
possible that the disadvantages swelling and 

Present address: Department Physical Chemistry, 
The Hebrew University, Jerusalem, Israel. 


shrinkage could avoided resin with very 
low degree cross-linkage were spread thin 
film the surface inert extender. Such 
resin would particularly suitable for the chro- 
matography large peptides since the very great 
surface presented the layers resin, and their 
extreme thinness, would both tend reduce the 
effects slow diffusion which must always 
encountered attempts separate substances 
high molecular weight. 

the preparation resin this kind, the 
choice the extender will important. The 
powder used must sufficiently inert permit 
chemical operations such sulphonation 
carried out the particles and also 
ensure complete insolubility the common 
the particles extender must present large and 
irregular surface ‘key’ with the resin, and the 
properties the powder should such will 
ensure uniform packing columns. These consider- 
ations led the choice commercial preparation 
diatomaceous earth. composite resin, pre- 
pared coating diatomaceous earth with sul- 
phonated polystyrene, has already been prepared 
this laboratory Boardman (1955). This material 
was intended for the separation proteins and 
differed from the reagent described here that the 
resin used for coating was highly cross-linked this 
prevented the ingress protein molecules that 
adsorption was the surface only. 

discussing the effect alterations the 
degree cross-linking ion-exchange resins 
should pointed out that considerable use has 
already been made this principle both attempts 
improve the separation amino acids and 
extend the range peptides with five six 
residues. 1950, Partridge, Brimley Pepper 
polystyrene resin (4-5% nominal divinylbenzene 
content) for the separation amino acids dis- 
placement chromatography, and sulphonated poly- 
styrene resins with similar degree cross-linking 
were later used Moore Stein (1954), and 
Campbell, Jacobs, Work Kressman (1955) 
improve the performance elution chromatograms. 
Dowmont Fruton (1952) showed that number 
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simple peptides may satisfactorily chromato- 
graphed with resin 
cross-linked with divinylbenzene, and similar 
resins have been used recently Askonas, Campbell, 
Godin Work (1955) and Thompson (1955), both 
whom report excellent separations obtained with 
complex mixtures small peptides. 


EXPERIMENTAL 
Materials 


Styrene. The commercial material contained 
merization inhibitor which was removed extracting four 
times with (w/v) NaOH, followed washing with 
water until the aqueous phase was longer alkaline. The 
styrene was then dried over anhydrous Na,SO, and distilled 
under reduced pressure 

Divinylbenzene. The commercial material (supplied 
nominally was treated with NaOH described above 
for styrene but was not distilled. The dry product was 
assumed contain divinylbenzene. 

Celite 545. The preparation, received from the manu- 
facturers (Johns-Manville Co., London), was made water- 
according the method Howard Martin (1950). 

Fraction oxidized insulin. This was prepared accord- 
ing the procedure Sanger (1949) from acommercial pre- 
paration crystallized insulin (Boots Pure Drug Co. Ltd.). 

peptides from fraction oxidized insulin. The 
chain insulin was hydrolysed with trypsin 
according the method Sanger Tuppy (1951). The 
trypsin used was crystalline preparation from Armour 
Laboratories, but attempt was made purify 
further recrystallization. The hydrolysis mixture, after 
heating for min. 100°, was acidified with acetic 
acid. The light precipitate which formed was removed 
centrifuging and the solution containing the mixture 
peptides was then freeze-dried for storage until use. 


Methods 


Preparation the ion-exchange reagent. Styrene (10 ml.), 
divinylbenzene (commercial 50%, 0-25 ml.) and 
(50 ml.) were mixed together and peroxide g.) 
was added. The silane-treated Celite (10 g.) was placed 
Biichner flask fitted with tap-funnel and brought under 
low vacuum. The mixture monomers and solvent was then 
introduced through the funnel and the whole contents the 
flask were shaken thoroughly. order control the thick- 
ness and structure the coating layer, the excess the 
reaction mixture was removed centrifuging under 
controlled conditions; this was carried out the following 
way. 

After standing for hr. 0°, the mixture was transferred 
quantitatively weighed filter tube (diameter cm.) 
fitted with sintered-glass plate. The filter was fitted into 
centrifuge tube over thick pad cotton wool and centri- 
fuged approximately 140 for min. weighing the 
filter tube was shown that the Celite had retained 
0-70 monomer solution/g. Celite. Most the 
was now evaporated drawing dry through the filter 
until the weight liquid retained the Celite had fallen 
0-3 g./g. The wetted Celite, which was free-flowing powder, 
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was now transferred thick-walled glass ampoule, cooled 
solid CO, and sealed. Polymerization was allowed take 
place 60° for hr. and then continued 80° for further 
days. 

Sulphonation. The resin-coated Celite was sul- 
phonated with ml. H,SO, and mg. (as 
catalyst) heating the mixture water bath, with 
occasional shaking, for hr. After cooling, the mixture was 
gradually diluted first with 50% (v/v) and then with 
water. was then poured into water and washed de- 
cantation. When free from acid the product was passed 
through mesh/in. screen sifting the wet condition 
and assisted jet water; the few coarse particles and 
agglomerates were discarded. The material was stored 
under (w/v) Na,CO, solution until required for use. 

Determination the exchange capacity showed that 
ml. the wet reagent (measured packing column 
filtration tube) exchanged 0-11 m-equiv. Na* ions. When 
stained with basic fuchsin, microscopic observation the 
particles revealed that the coating the diatoms was fairly 
even and the preparation was free from large impervious 
aggregates. high proportion the vacuoles the 
diatom skeletons were filled with swollen resin. 

tryptic digestion the chain insulin. The buffer was 
prepared mixing solutions NaH,PO, and 
the volume ratio 27:73 and had 6-44 (glass 
electrode 20°). The ion-exchange reagent described above 
was suspended the buffer solution and after standing for 
min. the cloudy supernatant was poured off. This 
procedure was repeated 2-3 times until the supernatant 
was clear. chromatographic filtration tube mm. 
diameter was filled height approximately cm. 
with slurry buffer and resin (2:1, and left settle 
and drain. Buffer was then passed through the column 
pressure head consolidate the layer; this way 
the filtration tube was filled stages height 

solution the mixed peptides buffer ml., 
containing 3-5 mg. peptides) was then applied carefully 
the top the column and the liquid level allowed sink 
the surface the resin. The column was then carefully 
covered with buffer and elution was allowed continue 
room temperature under pressure head the rate 
flow being ml./hr. Fractions ml.) the effluent solution 
were collected with the aid automatic fraction collector 
half-hourly intervals. 

Analysis the effluent solution. Procedures based 
reaction with ninhydrin are extremely sensitive for amino 
acids and lower peptides, but are often insensitive, fail 
altogether, with higher peptides. The converse true with 
colorimetric methods based the biuret reaction. Since 
the molecular-weight spectrum the mixture was wide 
(Sanger Tuppy, 1951), was considered advisable 
employ both types procedure for the analysis the 
effluent fractions; alternate fractions were 
estimated the ninhydrin procedure Moore Stein 
(1951) and the modified biuret method Lowry, Rose- 
brough, Farr Randall (1951): 


Separation the peptide peak from buffer salts 


(a) method. The fractions forming peak 
(Fig. were combined and the solution (50 ml.) was passed 
through mixed-bed column containing Dowex (Dow 
Chemical Company, Michigan, U.S.A.) and De-acidite 
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(The Permutit Co. Ltd., London). reduce surface 
adsorption the peptide, the resins chosen were the form 
large beads, 15-30 the column was prepared 
packing filtration tube (diameter mm.) with slurry 
prepared from the mixture Dowex (H* form; 
dry wt.) and De-acidite form; 1-2 dry wt.). The 
buffered solution was allowed flow through the column 
ml./hr. The column was then washed with ml. 
water and the washings were added the desalted filtrate 
containing the peptide. Recovery peptide was 75-85 
different experiments. 

(b) Charcoal method. mixture charcoal Activated 
charcoal’, British Drug Houses Ltd.) and Celite 545 (1:8, 
w/w) was saturated with (w/v) ethanolic solution 
stearic acid (Porath, and washed with 50%(v/v) 
mixture, followed water. The mixture 
was then packed into filtration tube (about 
mixture for each mg. peptide) and the solution peptide 
buffer allowed filter through. After washing the 
column with water, the peptide was displaced with 
(v/v) The solvent was then removed 
evaporation. 


RESULTS 


their study the reaction mixture resulting 
from the hydrolysis the chain insulin with 
enzymes Sanger Tuppy (1951) showed that the 
only bonds split any extent trypsin are those 
involving the carboxyl groups the arginine and 
lysine residues. From knowledge the amino 
acid sequence the ‘B’ chain determined 
Sanger Tuppy the mixture peptides resulting 
from the action trypsin would expected 
contain three major components: polypeptide 
containing residues terminating arginine, 
heptapeptide terminating lysine, and free 
alanine, which represents the residue 
the chain. 

Two-dimensional chromatograms the reaction 
mixture carried out Sanger Tuppy showed three 
ninhydrin-reacting spots the hydrolysate, i.e. 
alanine and two other spots which were designated 
heptapeptide and was similar amino acid 
composition but contained ‘tyrosine 
instead tyrosine. free-moving spot which 
could ascribed peptide with residues was 
found. was contaminated with small quanti- 
ties other ninhydrin-reacting substances which 
did not appear integral part the peptide. 
the experiments Sanger Tuppy, and also 
the present work, only small amount material 
having the same amino acid composition the 
original chain precipitated after acidification 
the reaction mixture. The major part the material, 
representing the residues the chain which 
are left after removal and alanine, remains 
the filtrate, but fails migrate the two-dimen- 
sional paper chromatograms. was first assumed 


that this material was present single poly- 
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peptide with residues, but, described later, 
amino acid analysis the peptide after isolation 
the new procedure showed contain the expected 
amino acids with the exception arginine. can 
inferred that, under the conditions used these 
experiments, trypsin splits the chain another 
point addition those established Sanger 
Tuppy, and this results the loss the terminal 
arginine residue or, more probably, short terminal 
sequence containing arginine. 

Preliminary experiments with columns packed 
with the new ion-exchange reagent showed that the 
monoaminomonocarboxylic acids were unadsorbed 
above but the higher peptides from oxidized 
insulin were strongly adsorbed spite 
their very low isoelectric points. the present 
work were particularly interested the large 
polypeptide thought contain residues, and 
number trials showed that could isolated 
from the other components the mixture 
elution chromatography with the new resin and 
phosphate buffer 6-4. Fig. shows 
chromatogram obtained from the mixture 
peptides elution this pH, which the peptide 
concentration the eluate was estimated means 
the biuret reaction (Lowry al. 1951). The 
chromatogram shows six main peaks. Peaks 
and gave relatively strong reactions with the 
ninhydrin reagent Moore Stein (1951) and were 
therefore due free amino acids small peptides; 
peak gave only faint ninhydrin reaction, 
suggesting compound high molecular weight. 
Peak was displacement peak produced during 
material which was irreversibly adsorbed 6-4. 

The chromatogram was accurately reproducible 
from experiment experiment, both regards the 
height and position the peaks. The pattern 
suggested that the mixture may have contained 
more minor components than would inferred from 
the description Sanger Tuppy, but this may 
have been due the use less highly purified 
enzyme preparation. would expected, peak 
contained alanine and small quantities other 
amino acids. Peaks and were not investi- 
gated detail, but the relative colour yields from 
the ninhydrin and biuret reactions suggested that 
they were peptides intermediate molecular 
weight. The fractions peak which the main 
interest this work lies, were collected together 
and the peptide was freed from buffer salts 
preparation for further analysis. 

Separation the peptide from buffer salts 

Two methods separating the peptide from 
buffer salts were investigated. The first involved the 
use commercial ion-exchange resins bead form 
the belief that the molecular weight the peptide 
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would too high permit any but surface 
adsorption. This proved the case, and was 
found that the dilute solution the peptide 
resulting from collection the fractions 
could efficiently desalted, without undue loss, 
passage through mixed-bed column containing 
mixture Dowex and De-acidite (both resins 
15- 30-mesh/in.). The weight mixed resin used 
was each case fixed the minimum required 
remove the buffer salts, avoid unnecessary losses 
surface adsorption. Since, however, this method 


desalting would not satisfactory for peptides 


lower molecular weight, alternative procedure, 
which may more generally useful, was investi- 
gated. This was based the adsorption the 
peptide from salt solution charcoal pretreated 
with stearic acid (cf. Porath, and subsequent 
desorption the peptide with propanol—water 
mixture. Both methods gave recoveries peptide 


Amino acid constitution the peptide peak 

The peptide was hydrolysed for hr. closed 
tube with hydrochloric acid 103°. Two- 
dimensional paper chromatography showed the 
presence aspartic acid, glutamic acid, acid, 
glycine, serine, alanine, valine, leucine, histidine, 
phenylalanine and tyrosine; these the spots due 
leucine and valine were very heavy. The amino 
acids threonine, lysine, proline and arginine, which 
are present the ‘B’ chain insulin, were not 
observed the peptide. already pointed out, 
the amino acid constitution the peptide accords 


Optical density (Lowry biuret reaction) 


with that given Sanger Tuppy (1951), except 
that the present experiments arginine was not 
observed. 


DISCUSSION 


Since the peptide peak does not contain 
arginine its complete identity cannot established. 
However, the absence threonine, lysine and 
proline clearly shows that the peptide was not con- 
taminated with unchanged fraction and all that 
doubt the length the terminal sequence 
containing arginine, which was unexpectedly 
missing. From the sequence found Sanger 
Tuppy (1951), together with the amino acid analysis 
reported here, nevertheless clear that the 
peptide contains not more than residues and not 
less than 16. This identification sufficient for the 
present purpose since what desire 
this preliminary work that peptide this order 
size moves narrow and symmetrical peak 
the new chromatogram and has distribution ratio 
the useful range. The great difference adsorption 
behaviour between amino acids and small peptides 
the one hand and the peptide peak the 
other suggests that the method will prove 
high resolving power. 

Since polypeptides are ampholytes, ion-exchange 
chromatography possible both with anion- 
exchange and with cation-exchange resins. There 
are, however, certain advantages gained 
limiting the choice resins those containing 
highly ionized acidic basic groups, since these are 
effective over the whole range and exhibit little 


100 120 140 160 180 200 220 240 260 280 300 


Fig. Chromatogram showing separation the mixture peptides from trypsin digestion the ‘B’ chain oxidized 
insulin. Buffer, phosphate, 6-45; column, cm. flow rate, ml./hr. Fractions ml.) were 
taken min. intervals and analysed means the modified biuret method Lowry al. (1951). 
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buffering capacity. The present work has been 
based the use sulphonated polystyrene resins 
these have additional advantages stability and 
ease preparation. 

ensure the maximum rapidity diffusion 
when dealing with peptides the high-molecular- 
weight range, was considered necessary reduce 
the degree cross-linking the resin the mini- 
mum compatible with stability; from preliminary 
experiments this limit appeared the range 
provided divinylbenzene contents the order 
The greatest difficulty met with early 
experiments lay securing adequate adhesion the 
resin film the surface the extender, and the 
procedure finally adopted was modification that 
described Boardman (1955). The Celite was first 
treated with make 
water-repellent. The particles extender were then 
polymerization catalyst volatile solvent, and 
after removal solvent the mixture was polymer- 
the surface the particles raising the 
temperature. Finally sulphonation was carried out 
treating the coated powder with concentrated 
sulphuric acid the presence catalyst. 

With some preparations was found that there 
was tendency for the resin film break away from 
its support during use. This appeared due 
the swelling shrinkage the resin film that 
accompanies changes salt concentration. 
volume changes are much more marked with 
resins low degree cross-linking, which may 
take much times their weight 
water, than they are with less porous resins the 
conventional type. The diatom skeletons, which 
Celite composed, are plate-like structures, many 
which are pierced with regular arrangement 
holes size great enough allow the penetration 
resin. Advantage was taken this secure 
firm ‘key’ for the resin but was found that 
too great proportion resin were applied the 
particles, the structures tended break down when 
the sulphonated product was allowed swell 
water. Accordingly, the thickness the resin coat 
was regulated applying the mixture monomers 
solution inert solvent. Part the solvent 
was then removed before carrying out the poly- 
merization reaction. 

The effect varying the degree cross-linkage 
sulphonated polystyrene resins has been studied 
several workers (cf. Partridge al. 1950; Hale, 
Packham Pepper, 1953). Since the rate 
adsorption large organic cations considerably 
influenced the degree resin cross-linkage, 
seems probable that mechanism exchange 
governed particle diffusion may rate-deter- 
mining (for theory see Boyd, Adamson Myers, 
1947, and Glueckauf, 1955). improve the rate 
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diffusion with high-molecular-weight substances 
the present exchange reagent was prepared that 
the resin films spread the diatom structures 
presented only short path diffusion, and the 
same time the low degree cross-linking facilitated 
the exchange. 

When amino acids are separated chromato- 
graphy ion-exchange column their distribu- 
tion between the resin and buffer solution phases 
function their degree ionization, and this 
turn determined the the surrounding 
liquid. The cation concentration inside the resin 
will influenced the electrostatic potential 
the vicinity the fixed-resin charges. the cation 
exchanger this means that, assuming constant 
ratio other cations the two phases, the 
concentration also will higher the resin 
phase. the electrostatic potential increases with 
charge density evident that this effect will 
increase with the increasing degree cross-linkage. 
other words, maintain certain inside the 
resin matrix will necessary employ more 
acidic buffer for highly swollen, lightly cross- 
linked ion-exchanger. This effect becomes apparent 
when comparing the separation aspartic acid and 
alanine with commercial highly cross-linked 
sulphonated-polystyrene resin (Moore Stein. 
1951) with similar separation carried out with the 
present resin. Distribution coefficients the useful 
range were obtained 3-42 the experiments 
Moore Stein, but was necessary reduce the 
before useful degree adsorption was 
obtained with the new resin. 

With substances higher molecular weight 
another factor has considered, namely, the 
contribution other than coulombic forces. These 
der Waals interactions and hydrogen- 
bond formation—are not greatly influenced the 
ionic strength the buffer; the bonds are 
short range, and although individually weak they 
are collectively strong. The contribution short- 
range forces assumes much greater importance 
with the higher peptides than with amino acids 
and lower peptides; thus the experiments 
described here adsorption the large acidic 
peptide from the ‘B’ chain insulin was affected 
from buffers 6-4, which carries 
strong net negative charge. 


SUMMARY 


ion-exchange reagent designed specifically 
for the chromatographic separation large peptides 
described. 

The reagent was prepared applying thin 
coating lightly cross-linked styrene polymer 
the siliceous diatom skeletons which comprise 
selected commercial filter-aid. The film resin was 
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The Biosynthesis Ergothioneine and Histidine Claviceps purpurea 


HEATH JENNIFER WILDY 


Chemical Pathology, University College Hospital Medical School, London, W.C. 
(Received May 1956) 


Although ergothioneine occurs blood (Hunter was originally isolated Tanret (1909). 
Eagles, 1927), semen (Mann Leone, 1953) work the artificial culture this fungus has 
various mammalian tissues, principally liver carried out, principally see whether the 
appear exogenous origin, biosynthesis formed. Nutritional requirements for submerged 
has been demonstrated animals. Melville, culture have been established Tyler Schwarting 
Horner, Otken Ludwig (1955) and Melville, (1952). Although alkaloids are not formed 
Otken Kovalenko (1955) studied the culture the standard strain 
tion histidine, formaldehyde, glycine purpurea, Abe (1948) and Stoll, Brack, Kobel, 
and methionine the rat and chicken and Hofmann Brunner (1954) have isolated two strains 
labelled methionine and cystine guinea pig, rat, from Agropyrum and Pennisetum respectively, 
pig and human, and case was there produce some alkaloids (agroclavine and 
demonstrable incorporation isotope into but not the principal naturally 
isolated ergothioneine. The earlier work Heath, occurring alkaloids ergot (ergotamine, etc.). This 
Glover, Mann Leone (1953) describes the isolation and degradation 
utilization for this biosynthesis from culture purpurea grown 
the mature pig has not, after fuller investigation medium containing relation- 
these workers, been confirmed; the evidence now ship between the biosynthesis histidine and ergo- 
available quite conclusive that, under the feeding has been established. Ames Mitchell 
conditions the experiment, the seminal ergo- (1955), Levy Coon (1951, 1954), 
thioneine the pig was not derived fromthesulphur Saluste Stjernholm (1951) and Westley 
methionine (Heath, Rimington Mann, 1957). (1956) have studied the biosynthesis 
order investigate the biosynthetic pathway micro-organisms and would appear 
ergothioneine decided study the culture the five-carbon chain not derived from 
ergot (Claviceps purpurea), from which ergothio- glutamate other derivatives the citric acid 
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The present paper also reports the isolation 
and degradation histidine from culture 
purpurea grown medium containing 
acetate. 

Some these results have been reported 
preliminary form (Heath Wildy, 1956). 


EXPERIMENTAL 


Organism. culture Claviceps purpurea (no. 44613) 
was obtained from the Commonwealth Mycological Institute, 
Kew. 

Acetate. This was obtained from the Radiochemical 
Centre, Amersham, with activities mc/m-mole (0-1 
1-6 mg.) and mc/m-mole (1-0 6-8 mg.). 

Activated alumina. Type 100- 200-mesh, was ob- 
tained from Peter Spence and Sons Ltd., Widnes. 

Zeo-Karb 225. 150-mesh, cross-linked resin 
was used, specially prepared The Permutit Co. Ltd., 
London. 

Oxoid membrane filters. These were obtained from Oxo 
Ltd., London. 

Determination radioactivity. All compounds were 
counted infinite thickness cm.? planchets with thin 
mica end-window Geiger tube. Oxidation CO, was 
carried out the apparatus described Popjak (1955). The 
oxidant was prepared dissolving (25 g.) 
(sp.gr. 1-75) (167 ml.) and fuming H,SO, (containing 
free (333 ml.) and heating 150° (Calvin, Heidel- 
berger, Reid, Tolbert Yankwich, 1949). Samples con- 
taining approx. mg. carbon were oxidized heating 
with ml. oxidant the evacuated apparatus, and the 
evolved CO, was collected 

Sterilization. All media were sterilized autoclaving 

Culture organism. The standard strain was maintained 
and subcultured every medium consisting of: 
mannitol, 5-0 g.; Bacto-Casitone, 0-5 g.; yeast 
extract, KH,PO,, 0-1g.; 0-03 g.; 
agar, 1-5 g.; water 100 ml. 

portion the mycelium was transferred medium 
consisting of: mannitol, 5-0 g.; Difco yeast extract, 0-33 g.; 
ammonium succinate, 0-8g.; g.; 
0-0004 g.; 0-0013 g.; 
0-1 g.; water 100 ml. The inoculated medium was shaken 
350 Erlenmeyer flasks (120 ml./flask) rotary 
shaker (80 rotations/min.) room temp. for 
days. The growth was filtered through sterile cotton-wool 
plug separate the mycelium, and ml. the filtrate, 
which consisted turbid suspension conidia, was used 
inoculate each 120 ml. the following medium (used for the 
growth the fungus for subsequent ergothioneine isola- 
tion): mannitol, ammonium succinate, 0-8 g.; 
g.; KH,PO,, water 100 ml. The growth 
conditions were the same those described for the prepara- 
tion the inoculum. 

Separation conidia from mycelium. culture 
purpurea was filtered through cotton-wool plug, which 
retained all the mycelium together with small amount 
conidia which could not removed washing. The conidia 
were collected filtration through Oxoid membrane, 
and washed and extracted for ergothioneine estimation. 
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Detection ergothioneine. Ergothioneine can readily 
detected natural ergot sclerotia the application the 
Hunter diazo test (Hunter, Fushtey Gee, 1949) 
aqueous extract. This not possible with aqueous extracts 
mycelium, owing the presence interfering substances 
which mask the typical diazo colour. The following pro- 
cedure was therefore used. 

The mycelium and conidia from days’ shake culture 
(120 ml.) were harvested filtration Oxoid mem- 
brane, washed three times with water, transferred ml. 
centrifuge tube and extracted successively with 20, and 
ml. hot water immersing the tube boiling water 
for 15min. After centrifuging, the supernatants were 
evaporated approx. ml., ethanol vol.) was added and, 
after centrifuging, the supernatant was taken dryness. 
The residue was dissolved water (0-3 ml.) and 
portions this solution were subjected descending 
chromatography Whatman no. paper with 
acetic acid saturated with water. After drying 
neutral atmosphere, free from collidine and phenol, the 
chromatogram was exposed NH, vapour, neutralize 
any residual acetic acid, excess NH, was removed and 
the chromatogram developed dipping 0-2% (w/v) 
ethanolic 2:6-dichloroquinonechloroimide (British Drug 
Houses Ltd.) and allowing dry room temp. The 
presence ergothioneine shown the development 
brick-red colour which appears the last traces solvent 
evaporate from the chromatogram. The ergothioneine 
0-29. With this developing agent, other aromatic com- 
pounds develop grey colours further standing. 

Estimation ergothioneine. The ethanol-treated aqueous 
extract the fungus, obtained described previously, was 
evaporated dryness and dissolved the minimum 
vol.). The ethanol was previously purified distillation 
from and and redistillation from Zn. This extract was 
applied cm. 0-9 em. column activated alumina 
previously washed and packed with the same aqueous 
acid mixture (Melville al. 1954). The 
column was developed with this solvent, ml. fractions 
being collected. The fractions were evaporated dryness 
and the ergothioneine each estimated the Hunter 
diazo reaction (Hunter, 1949). Colour intensities were 
measured Unicam spectrophotometer model SP. 350 
35-50 ml. solvent flow. 


Isolation 


Three separate experiments consisted of: (a) forty-eight 
flasks, each containing medium supplemented with 
(b) one flask with medium containing 
(c) five flasks each with medium 
containing Control un- 
labelled cultures were simultaneously grown and their 
ergothioneine contents measured. The method isolation 
all three experiments was the same principle, differing 
only columns used. Experiment was carried out 
determine the degree incorporation isotope into 
ergothioneine. Experiment did not yield ergothioneine 
sufficient activity for complete degradation. Experiment 
(c) described detail. 

After days’ growth, the fungus was collected 
Oxoid membrane and washed times with water; portion 
the filtrate and washings was used determine the 
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residual activity the culture medium. 
hydrochloride (90 mg.) was added the moist mycelium, 
which was extracted described above with total 
200 ml. water. The residual mycelium was boiled with 
100 ml. water and filtered. The aqueous extracts were 
combined and concentrated under reduced pressure 
ml., and ethanol (150 ml.) was added. After standing 
10° overnight, the protein’ was removed centrifuging, 
washed twice with ml. ethanol and the combined 
supernatants were taken dryness. 

The residue was dissolved 100 ml. water and applied 
10cm. cm. column Zeo-Karb 225 (H* form). 
Ergothioneine and other cations were retained. The column 
was washed with ml. water and then eluted with 
soln.; ml. fractions were collected. Each fraction was 
spot-tested filter paper with dichloroquinonechloroimide 
for the presence ergothioneine. Ergothioneine eluted 
just before the amino acids and all fractions containing 
ergothioneine were combined and evaporated dryness. 

The dried residue was dissolved the minimum amount 
aqueous ethanol-formic acid mixture and chromato- 
activated alumina. Fractions ml.) were collected and 
spot-tested paper with dichloroquinonechloroimide. The 
fractions were also spot-tested with ninhydrin. All fractions 
containing ergothioneine were combined, evaporated 
dryness, dissolved water and applied cm. 0-9 
column Zeo-Karb 225 (H* form) remove traces 
ions. The column was washed with water, which removed 
residual formic acid, and eluted with soln.; ml. 
fractions were collected and spot-tested for ergothioneine 
and amino acids. All fractions containing ergothioneine 
were combined and evaporated dryness. 

Normally this procedure results the complete separa- 
tion ergothioneine from all materials, 
but this particular case yellow ninhydrin test was given 
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which was due proline. The residue was therefore re- 
chromatographed described above, through two alumina 
Zeo-Karb column. The ergothioneine thus obtained was 
free from any ninhydrin-reacting material. The dried 
residue was extracted times with ethanol. The white 
insoluble residue ergothioneine was dissolved water, 
filtered, concentrated and crystallized from aqueous 
ethanol. was counted infinite thickness 
planchets and recrystallized times constant specific 
activity. final yield mg. ergothioneine (free base) 
was obtained. (Activity 497 counts/min./mg. carbon.) 


Degradation ergothioneine 


Oxidation ergothioneine. sample mg.) ergo- 
thioneine was totally oxidized. The BaCO, obtained from 
the resulting CO, was filtered off, dried, weighed and plated 
polythene planchets, from suspension 80% 
ethanol, and carefully dried under infrared lamp. 

Removal trimethylamine. Ergothioneine (I; 29-4 mg.) 
was heated boiling-water bath with KOH (1-0 ml.) 
for hr. flask connected through condenser 
(10 ml.). Steam was passed through the flask until 
ml. distillate had been collected. The solution 
trimethylamine hydrochloride thus obtained was evapor- 
ated dryness, oxidized CO, and counted 

Reduction 2-thiolurocanic acid. The residual yellow KOH 
solution 2-thiolurocanic acid (II) was reduced with 
sodium amalgam g.) yield 
yl)propionic acid [2-thiolimidazole-48-propionic acid 
The resulting colourless solution was separated from and 
passed through em. 0-9 cm. column Zeo-Karb 225, 
(H* form) which retained the and Na* ions; the effluent 
contained, besides thiolimidazolepropionic acid, traces 
acid dissolved from the flask the hot KOH. This 


KOH 
(I) 
Sodium 
(IV) 
chloride (1) Hydrolyse 
Na,CO, (2) Copper chromite 
(V) 


Fig. Degradation ergothioneine. 
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was removed evaporating the solution dryness and 
extracting the thiolimidazolepropionic acid with ethanol. 
portion mg.) the isolated thiolimidazolepropionic 
acid was converted into These reactions were 
followed one-dimensional acid chromato- 
grams developed with dichloroquinonechloroimide, 
ensure that all reactions had been taken completion. 

Desulphuration acid. The 
remainder the thiolimidazolepropionic acid (16 mg.) was 
dissolved water ml.), treated with ‘30 volume’ 
(0-25 ml.) and heated for min. boiling-water bath; the 
solution was spot-tested with dichloroquinonechloroimide 
for absence positive reaction (thiolimidazoles give red 
colour with this reagent and the corresponding imidazoles 
resulting from desulphuration give immediate reaction). 
One-dimensional chromatograms, with acid, 
developed with the Pauly diazo reagent, showed single spot 
corresponding acid. 

The solution was neutralized with (1-6 ml.) 
and evaporated dryness. The dried residue was refluxed 
with saturated ethanolic HCl (20 ml.) for hr., benzene 
ml.) was added, the solvent was distilled off and the residue 
was dried over NaOH vacuum desiccator. 

Benzoylation ethyl The ethyl 
imidazolepropionate was dissolved water ml.); 
Na,CO, (0-2 g.) was added and, after cooling 0°, benzoyl 
chloride (42 mg.) was added. The mixture was shaken 
for hr. and then extracted with ether. After removal the 
ether, the resulting 4:5-dibenzamidopent-5-enoate (V) 
was crystallized times from aqueous ethanol fine 
needles. portion (3-6 mg.) was converted into BaCO,. The 
ether-extracted sodium carbonate solution, which con- 
tained sodium formate derived from the imidazole C-2 
ergothioneine, was concentrated about ml. ml. 
flask; reflux condenser leading into Ba(OH), trap was 
then fitted. The solution was acidified with dil. H,SO, and 
was passed through the boiling liquid until 
more CO, (derived from the was evolved. The 
residual formic acid was then oxidized with and the 
CO, collected 

The remaining ethyl 4:5-dibenzamidopent-5-enoate 
mg.) was diluted with unlabelled ethyl 4:5-dibenz- 
amidopent-5-enoate and dissolved ethanol 
ml.). this ethanolic KOH (0-5 ml.) was added and 
the ester hydrolysed heating under reflux water 
bath for min. After neutralizing with the free acid 
was crystallized from aqueous ethanol tufts fine hairs, 
m.p. (Windaus, Jensen, 1921). 

4:6-Dibenzamidopent-5-enoic acid (13-9 mg.) was mixed 
with copper chromite catalyst (0-5 g.) (Lazier Arnold, 
1939) the oxidation apparatus. After evacuation, the 
flask was heated 275° bath Wood’s metal. The CO, 
derived from the carbon was trapped 


Preparation 3:4-dichlorobenzenesulphonic acid 


The 3:4-dichlorobenzenesulphonic acid used for the isola- 
tion histidine was prepared boiling 3:4-dichloro- 
chloride (British Drug Houses Ltd.) 
water (200 ml.) for The colourless aqueous solution was 
separated fromasmallamountof brownoiland concentrated 
small volume under reduced pressure. Chloroform 
(25 ml.) was added and, after standing, the crystals 3:4- 
dichlorobenzenesulphonic acid were collected and dried 
vacuum desiccator over NaOH. Wt., 25-4 g.; m.p. 54°. 
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Isolation 


The washed ethanol-insoluble ‘protein’ was 
hydrolysed refluxing (100 ml.) for 
distilled dryness and dried vacuum desiccator over 
NaOH. The residue was dissolved water, filtered and 
adjusted with 2n-NaOH. hydro- 
chloride monohydrate was added carrier, 
followed saturated ethanolic HgCl, (10 ml.). The was 
adjusted 7-2 with saturated soln. precipitate 
the complex and the mixture was allowed stand 
for hr. The precipitate was filtered off, washed with water 
and decomposed with H,S. The HgS was removed filtra- 
tion, the filtrate was concentrated ml. and 3:4-dichloro- 
benzenesulphonic acid g.) was added the hot solution. 
After standing overnight 4°, the crystals 
bis-3:4-dichlorobenzenesulphonate (Vickery, 1942) were 
filtered off, and washed with ice-cold water; wt., 561 mg. 
The radioactivity was determined infinite thickness after 
packing finely ground suspension acetone 
planchets. The histidine bis-3:4-dichlorobenzenesulphonate 
was recrystallized times from hot water, yield 312 mg. 
constant activity (288 counts/min./mg. carbon). 


Degradation 


Decarboxylation. 
sulphonate and ninhydrin (250 mg.) water 
ml.) were boiled for min. the oxidation apparatus. 
The CO, evolved was collected BaCO,. 

Benzoylation. 
onate (110 mg.) was refluxed for min. with saturated 
methanolic HCl; the solvent was removed vacuum 
distillation and the residue dried over NaOH vacuum 
desiccator. The ester was dissolved water (10 ml.), 
cooled and Na,CO, g.) was added, followed 
benzoyl chloride (80 mg.). The mixture was shaken for 
0°. the end this time the precipitate 
2:4:5-tribenzamidopent-5-enoate was filtered; some 
adhered the walls the flask, owing the presence 
unreacted chloride; this, together with the filtered 
precipitate, was dissolved ethanol and heated de- 
compose the benzoyl chloride. The solution was concen- 
trated and crystallized the addition water. After 
standing overnight the crystals were filtered; wt., 
17-2 mg. This was recrystallized constant activity from 


NH, 


(1) Esterify 


(2) Na,CO,, 
chloride 


Ninhydrin 


C.CH,.CH.CO,Me 
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aqueous ethanol. For radioactivity 
compound was packed from suspension 70% (v/v) 
ethanol and dried under infrared lamp. 

attempt collect the formate carbon BaCO, 
method analogous that used for the ergothioneine 
‘formate’ was not successful owing the oxidation the 
dichlorobenzenesulphonic acid the permanganate. 


RESULTS 


The distribution radioactivity the isolated 
ergothioneine shown Table that the 
isolated histidine Table All compounds were 
counted with end-window Geiger—Miiller counter 
(as BaCO, infinite thickness) and the results 
are expressed counts/min./mg. carbon. All 
samples were counted times for not less than 
total 2500 counts and checked against standard 
source. 

can seen from Table that the highest 
labelling the ergothioneine the ring C-2 with 
2411 counts/min./mg. carbon, followed the 
methyl carbons the betaine (9, 10, 11) with 
500 counts/min./mg. carbon. The remaining five- 
carbon residue (4, contained only 113 
counts/min./mg. carbon, and this the carboxyl 
carbon (8) gave 216 counts/min./mg. carbon. The 
low activity the five-carbon chain, and 
particular carbon atoms and showed that 
glutamate derived from acetate via the citric acid 
was not the precursor this chain. The 
general distribution radioactivity the amino 
acids formed purpurea grown medium 
containing was studied order 
ascertain that the general pattern labelling was 
what one would expect the citric acid cycle were 
operating. attempt was made isolate each 
individual amino acid, but obtain qualitative 
picture the isotope distribution acid hydro- 
lysate the alcohol-insoluble protein obtained 
during the isolation ergothioneine was subjected 
ammonia and acid. After develop- 
ment with ninhydrin and identification, circle 
area was removed from the centre those 
amino acid spots which were clearly separated and 
counted with the Geiger-Miiller end-window tube. 
The results are given Table These results are 
not strictly comparable, partly because the loss 
the carbon during ninhydrin development 
and partly because the different concentrations 
amino acid each spot, even though circles were 
removed only from spots comparable intensities. 
The loss carboxyl carbon ninhydrin treatment 
was measured portion the hydrolysate. Un- 
treated, this gave 1705 after ninhydrin 
treatment this gave 1630 counts/min., i.e. loss 
Nevertheless, the results obtained were, 
general, similar those Bloch (1951) for the 
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distribution isotope yeast protein derived from 
will noted that the activities, 
measured this method, are low, owing the 
absorption the radiation the paper and the 
very small quantities present the surface each 
paper circle. sample proline which was isolated 
had activity greater than 000 
mg. carbon; this, coupled with the fact that the 
glutamic acid spot the chromatogram was the 
most active, evidence that the five-carbon chain 
ergothioneine was not derived from glutamate. 
This had been shown the case also for the five- 
carbon chain histidine Levy Coon (1954) and 
seems, therefore, that there may similarities 
between the pathways histidine and ergo- 
thioneine biosynthesis. For this reason isolated 
and degraded the histidine formed the 
purpurea grown the medium containing 
acetate. These results are given Table will 
noted that the highest activity, the ergo- 


Table Distribution radioactivity ergothioneine 
isolated from Claviceps purpurea grown 
medium containing acetate 


11, 10, 
Counts/ Total 
min./mg. counts/ Percentage 
Carbon atoms min. total 
10, 500 1500 
2411 2411 
216 216 


Obtained difference. 


Table cm. circles taken from 
ninhydrin-developed, two-dimensional chromato- 
gram the hydrolysate protein obtained from 
culture Claviceps purpurea grown medium 
containing 


Amino acid Counts/min. 


acid 
Lysine 
Leucine 
Proline 
Aspartic acid 
Threonine 
Tyrosine 
Alanine 
Glycine 
Phenylalanine 
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thioneine, the C-2 the imidazole ring (1368 
counts/min./mg. carbon), with average 
counts/min./mg. carbon the five-carbon 
chain, and this the carboxyl carbon contained 
142 counts/min./mg. carbon, leaving low 
activity carbon atoms and which would 
have been the most active this chain had been 
derived from acetate via glutamate 
al. 1951). 

Table comparison made between the 
distribution activity histidine and the corre- 
sponding six-carbon compound, imidazolepropionic 
acid, derived from ergothioneine. can seen 
that the distribution isotope almost identical. 


Observations the chemical degradation 


Fig. shows the method chemical degradation 
ergothioneine. All reactions were first studied 
with unlabelled material and adapted for the micro 
quantities involved. 

Complete removal trimethylamine from ergo- 
thioneine the action alkali not easily 
achieved. The end products this reaction were 
studied one-dimensional paper chromatography 
with acid and developing with 
dichloroquinonechloroimide (ergothioneine, 0-29 
acid, 0-71; 2-thiolimidazole- 
propionic acid, 0-66). Although the values 
thiolurocanic acid and thiolimidazolepropionic acid 
are not greatly different cither this other 
solvents tried, the colour given the developing 
agent brick-red with ergothioneine and 
azolepropionic acid and purple with thiolurocanic 
acid. was found that some ergothioneine still 
remained after heating for hr. 100° 10% 
sodium hydroxide standing room temperature 
for hr. sodium hydroxide. Treatment 
ergothioneine potassium hydroxide 100° 
for 3hr. resulted the complete conversion 
ergothioneine into acid. 

The removal the potassium hydroxide after the 
completion this reaction was originally performed 
electrolytic desalting. This caused the simul- 
taneous reduction thiolurocanic acid thiolimid- 
azolepropionic acid. The method was abandoned, 
however, favour reduction with sodium 
amalgam and decationization with Zeo-Karb 225, 
the latter proved simpler and safer for the micro 
quantities involved. 

order study subsequent stages the de- 
gradation, thiolimidazolepropionic acid was 
synthesized the method Heath, Lawson 
Rimington (1951) for but 
starting from glutamic acid instead alanine. 

Desulphuration acid 
with Raney nickel was not suitable controlled 

oxidation with peroxide, owing the formation 
nickel co-ordination complex with the resulting 
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acid; this isolation 
difficult. 

Decarboxylation 4:5-dibenzamidopent-5-enoic 
acid was achieved heating Wood’s metal bath 
275° preference heating quinoline, owing 


the high blank obtained the latter method. 


Observations the culture Claviceps purpurea 


This strain purpurea has been used for 
year and has been observed that the quantity 
ergothioneine produced increasing. This shown 
Table Ergothioneine not present the 
culture broth and confined the conidia. 
typical days’ shake culture 120ml. medium 


Table Distribution radioactivity histidine 
isolated from culture Claviceps purpurea 


Counts/ Total 
min./mg. counts/ Percentage 
Carbon atoms min. total 
1368 1368 
142 142 8-2 


Obtained difference. 


Table Comparison the distribution radio- 
activity histidine and imidazolepropionic acid 
derived from ergothioneine isolated from the same 
culture Claviceps purpurea grown medium 
containing 

Radioactivity as percentage 
total 


Imidazole- 
Carbon atoms Histidine propionic acid 
79-1 81-0 
4, 5, 6, 7, 8 20-9 19-0 
8-2 


Table Ergothioneine formed standard 120 ml. 
cultures Claviceps purpurea, demonstrating the 
increase the ability the fungus produce 
ergothioneine with repeated subculturing 


Total ergothioneine 


Date days’ culture 
21. ix. 260 
xi. 296 
15. ii. 451 
655 
iii. 56* 152 


This was culture Claviceps purpurea obtained 
from the Commonwealth Mycological Institute, Kew, 
which had not been subcultured our medium. 
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was shown contain 615 ergothioneine the 
conidia, ergothioneine the culture broth and 
ergothioneine the mycelium, probably 
due contamination with conidia. The mannitol 
concentration the medium determined polari- 
metrically the sodium borate complex (Raistrick 
Young, 1931) had fallen from and free 
ammonia was longer present. 

Stoll Sandoz Basle, kindly sent 
culture strain purpurea which produces 
some ergot-type alkaloids artificial culture. This 
culture was examined for both alkaloid and ergo- 
thioneine production. was found that after 
days’ growth, under our usual conditions, 
alkaloids had not been formed but the total growth 
contained 226 ergothioneine/flask. Alkaloids 
were present after weeks’ growth. Stoll (1954) 
have shown that there little, any, alkaloid 
production the first days, and normally 
cultures for over days. apparent that 
ergothioneine synthesized before the alkaloids 
and that there does not appear relationship 
between ergothioneine and alkaloid synthesis. 

study the effect possible ergothioneine 
precursors, which were not available labelled 
compounds, their effect the quantity ergo- 
thioneine produced when they were added the 
usual medium was observed. The results are shown 
Table 

All cultures were treated identically with regard 
medium, inoculum, temperature and steriliza- 
tion, except that the glucosamine was sterilized 
filtration and then added the autoclaved control 
medium. will seen that the addition 
histidine did not significantly alter the amount 
ergothioneine formed, whereas the presence 
ergothioneine the culture medium resulted 
greater accumulation ergothioneine within the 
total growth. The presence the quantity 
glucosamine not only lowered the amount 
ergothioneine formed but also altered the fungus 
morphologically; was less pigmented and the 
growth consisted small spheres mycelium with 


Table Effect additions the standard medium 
the production ergothioneine days’ 
(120 ml.) shake culture Claviceps purpurea 

Total ergothioneine 


mycelium 


Additions and conidia 


None 263 
None 280 
None 308 
Histidine (10 mg.) 313 
Histidine (10 mg.) 310 
Glucosamine (10 mg.) 170 
Glucosamine HCl (10 mg.) 205 
Ergothioneine mg.) 435 
Ergothioneine mg.) 386 
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fewer conidia than the usual culture, which normally 
consists thick mass mycelial threads con- 
taining high percentage conidia. 


DISCUSSION 


The results presented above show that when 
purpurea grown chemically defined medium, 
ergothioneine produced. This the first report 
the presence ergothioneine micro-organism 
grown chemically defined medium. 
thioneine was originally isolated from the sclerotia 
ergot (Tanret, 1909) which also contain the im- 
portant pharmacological ergot alkaloids. has, 
however, been shown Abe (1948) and Stoll al. 
(1954) that certain alkaloids can produced 
artificial cultures where there sclerotia forma- 
tion. now clear that sclerotia formation 
not necessary for ergothioneine production. Our 
results have shown that the ergothioneine formed 
artificial culture confined principally the 
the small amount detected the separated 
mycelium was attributed conidial contamination, 
ergothioneine was present the culture broth. 
This not agreement with the work Garay 
(1956), who studied the distribution ergothioneine 
between conidia and honey-dew formed during the 
parasitic growth purpurea Under these 
conditions Garay found that the conidia did not 
contain ergothioneine but that this was present 
the conidia-free honey-dew. Although the 
shake cultures purpurea contained ergothio- 
neine they did not contain alkaloids and therefore 
ergothioneine production not related alkaloid 
formation. This was further confirmed our work 
the alkaloid-producing strain this fungus 
which was kindly provided Stoll. This was 
shown contain ergothioneine after days’ 
growth, which time alkaloid formation had not 
yet occurred, although alkaloids were subsequently 
formed. 

The fact that ergothioneine was present the 
conidia, together with the reported occurrence 
ergothioneine plant seeds such oats (Melville 
1956) and the known occurrence ergo- 
thioneine semen (Mann Leone, 1953), suggested 
that possible function ergothioneine was 
connected with germination. However, 
liminary experiments difference the rate 
growth could detected when cress seeds were 
germinated either the presence absence 
ergothioneine. 

The results the degradation the 
thioneine show that the major contribution the 
group acetate the ergothioneine mole- 
cule the provision one-carbon moieties 
provide the C-2 the ring and the groups 
the betaine. Similar results were obtained for the 
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ally the isolated histidine. can 
from the almost identical percentage 
distribution isotope both ergothioneine and 
histidine, shown Table that the pathways 
synthesis these two compounds are identical. 
Owing the numerous pathways utilization 
the actual proportion the acetate C-2 
um, incorporated into the histidine and ergothioneine 
tof would have been small and was not determined. The 
ism obtained are based the analysis 
aof and the conclusions are based the ratio 
im- labelling between the atoms the molecules and not 
the absolute amount isotope incorporated. 
al. Levy Coon (1954) showed that the methyl 
groups acetate can serve source ‘formate’, 
ma- which they had previously shown (Levy Coon, 
Our ring histidine isolated from yeast. They found 
ned that neither nor was incorpor- 
the ated into the histidine, and from this they concluded 
that the formate not oxidized carbon dioxide 
ion. before incorporation and, moreover, that the imi- 
dazole ring histidine not derived from purines. 
ray However, they did not detect any incorporation 
the methyl group acetate into the five-carbon 
the chain histidine, possibly because the low 
degree labelling with which they were working. 
not al. (1951) showed that the methyl 
group acetate was the precursor carbon atoms 
and glutamic acid isolated from yeast 
hio- acetate the sole source carbon. From 
fore our results apparent that, owing the low 
ork ergothioneine, the five-carbon chain could not have 
gus from glutamate. The non-participation 
was the citric acid cycle the formation the five- 
carbon chain histidine can deduced from the 
not work Ames Mitchell (1955), who showed that 
mutants crassa that require histidine 
accumulated the phosphates 
the imidazole—acetol and histidinol, which suggested 
that pentose was the precursor this chain. This 
mode formation has been further elucidated 
go- Westley Ciethaml (1956), who, working with 
ted mutants coli that require histidine, 
was and specifically labelled glucose, obtained 
labelling their isolated histidinol which showed 
that the five-carbon chain was not derived directly 
ere from pentose formed via the glucose monophos- 
phate shunt, but was formed from the condensation 
two- and three-carbon fragments resulting from 
go- glycolysis the labelled glucose. al. 
the (1951) have also shown that the carboxyl carbon 
histidine isolated from yeast derived from the 
3to methyl group acetate. 
Evidence that acetate being incorporated into 


amino acids via the citric acid cycle presented 
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Table The relative amounts labelling these 
amino acids are roughly similar those obtained 
Bloch (1951), who studied the incorporation 
labelled acetate into yeast protein. The highest 
labelling, which the glutamate, consistent 
with the direct condensation labelled acetate with 
oxaloacetate yield highly active «-oxoglutarate 
and hence glutamate. The activity aspartate 
derived from oxaloacetate will further diluted 
because the added succinate the medium, and 
alanine derived from pyruvate will still further 
diluted because inactive pyruvate derived from 
the carbohydrate the medium. 

Thiolhistidine, the amino acid corresponding 
ergothioneine, could possible precursor ergo- 
thioneine this fungal system, although has been 
shown that, rats, thiolhistidine metabolically 
inactive (Heath, 1953). During our chromato- 
graphic work failed detect its presence. 
this compound separates readily from ergothioneine 
the solvent systems used and develops the 
characteristic brick-red colour with dichloroquinone- 
chloroimide would undoubtedly have detected 
its presence had been formed the fungus; 
therefore consider that unlikely that free 
thiolhistidine precursor ergothioneine. The 
possibility that formation the thiolimidazole 
moiety the direct addition sulphur com- 
pound the imidazole ring histidine being 
further studied. 

Although the results our isotope experiments 
show relationship between histidine and ergo- 
thioneine, the addition small quantities 
histidine the culture medium had effect the 
quantity ergothioneine produced. Glucosamine 
was added because appears from the work 
Ames Mitchell (1955) that the side chain 
histidine early stage its genesis 
ated, and the amino aldehyde group glucosamine 
would yield chemically reactive site for the con- 
densation thiocyanate yield hydroxylated 
thiolimidazole, with four-carbon side chain. The 
inhibition ergothioneine synthesis addition 
small quantity glucosamine (0-007 might 
due competitive interference with similar 
condensation between thiocyanate and pentos- 
amine. 

Two observations incidental our work are 
interest. The characteristics our culture 
purpurea changed during the course the experi- 
ments: progressive increase ergothioneine 
synthesis took place and the same time the 
conidia became progressively redder. 

one stage the work purpurea was acetone- 
dried and was found that most the ergo- 
thioneine was extracted into the acetone. This did 
not take place the mycelium was dried before 
extraction. 
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SUMMARY 


The growth Claviceps purpurea liquid 
shake culture, and methods for the detection, 
estimation and isolation ergothioneine from these 
cultures are described. 

Methods for the degradation ergothioneine 
micro scale are given. 

The isolation histidine from protein 
hydrolysate, and its degradation, are described. 

The results obtained from the degradation 
ergothioneine and histidine isolated from culture 
Claviceps purpurea grown containing 
show that the pathways bio- 
synthesis these two compounds are identical 
this fungus. 

The major contribution acetate the 
ergothioneine molecule the provision one- 
carbon moieties, and the highest labelling was the 
carbon-2 the imidazole ring, followed the 
methyl groups the betaine. The residual five- 
carbon chain was labelled lesser extent. The 
distribution isotope this chain precludes the 
possibility having been derived from glutamate 
formed via the citric acid cycle. Evidence was 
obtained that acetate was incorporated into other 
amino acids via the citric acid 

Continual subculturing has produced strain 
Claviceps purpurea with pigmented conidia and 
which the yield ergothioneine steadily in- 
creasing. 

independent both alkaloid and sclerotia forma- 
tion. The ergothioneine was found wholly 
principally the conidia. 
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Resembling 5-Hydroxytryptamine and Tryptamine 
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The occurrence 5-hydroxytryptamine (serotonin) 
normal human urine suggested the experi- 
ments Page and his co-workers. Twarog Page 
(1953) examined acetone extracts urine 
pharmacological method (isolated heart Venus 
mercenaria) and reported ‘serotonin-like activity’ 
ml.ofurine. Later, Bumpus Page (1955) described 
indoles with values similar 5-hydroxytrypt- 
amine, and NN- 
similar extracts. neither these studies was the 
identity the indoles confirmed more than one 
test. 


the present work, preliminary report 


which has already been given (Rodnight, 1955), the 
ion-exchange resin Zeo-Karb 226 has been used 
examine human urine for the presence 5-hydroxy- 
tryptamine and related indoles. Zeo-Karb 226 
carboxylic acid-type resin with similar properties 
the resin Amberlite IRC 50, recently used 
determine histamine rat urine (Wilson, 1954). 
Weakly acidic resins this type have several 
features which render them suitable for extracting 
amines from body under mild conditions. 
particular, they can buffered, enabling columns 
operated neutral pH. Bases such 
hydroxytryptamine are then retained the resin, 
whereas neutral ampholytes like tryptophan are 
not. Moreover, the absorbed bases can readily 
displaced weakly acidic solutions, which they 
may more stable than the alkaline solutions 
often used with strongly acidic cation exchangers. 


METHODS 


Materials. ‘AnalaR’ grade solvents and water were 
redistilled all-glass still. Sodium phosphate buffer 
was prepared from Na,HPO, with 
HCl adjust the (glass electrode). Acetic acid 
75% (v/v) ethanol (eluting agent) was prepared daily 
from (v/v) ethanol and acetic acid. The ethanol was 
incorporated reduce the quantity buffer salt displaced 
from the resin along with urinary constituents. 

Preparation resin. Zeo-Karb 226 form) was obtained 
from The Permutit Co., Ltd. first was used the mesh 
supplied but later, better columns were obtained 


with resin mesh prepared grinding and sieving 
the coarse material. 

New resin was stirred beaker with about times its 
weight n-NaOH, and allowed settle for min. The 
cloudy supernatant was decanted. The resin was washed 
free alkali and fine particles stirring and decanting 
large volumes water. Next the process was repeated with 
and the resin again washed. Finally was stirred 
with about five times its weight 75% (v/v) ethanol, 
filtered through sintered glass and dried room temp. 
Buffering was carried out the columns described below. 


Column chromatography 


Preliminary experiments. Columns were prepared water 
with resin buffered experiment 250 ml. 
urine was brought and run through column 
resin mm. 240 mm. hr. This was washed with water 
and aqueous ethanol solutions and absorbed bases were 
eluted with 750 mi. eluting agent overnight. Recovery 
added 5-hydroxytryptamine was about 50%. 

Routine procedure. The apparatus illustrated Fig. 
The columns (Quickfit and Quartz Ltd.) were 
400 the resin was supported sintered-glass disk 
The B19 standard ground-glass cone below the disk fitted 
into the socket unit incorporating two stopcocks; the 
lower one, allowed liquid flow straight through, the 
other, led the raised outlet were not 
lubricated. 

Each column contained resin form, 90- 120- 
mesh). Regeneration and buffering were effected filling 
the column with reagent from reservoir through the 
raised outlet being removed for this purpose; after sedi- 
mentation the reagent was run out through Three fillings 
(350 ml.) and three were neces- 
sary; several washes with water followed each reagent. 
Treatment with buffer was then carried out the same way 
until the the effluent fell Excess buffer was 
run out, leaving few millilitres covering the resin, and the 
column was then ready for use. deterioration per- 
formance after eight cycles has been noticed. 

operation was closed and open. The urine 
and all subsequent reagents were allowed flow down the 
side the column that they layered the liquid 
above the resin. Rate flow was controlled entirely 
adjustment the outflow from the reservoir, screw- 
clip rubber sleeve. 

According its specific gravity and hr. volume, 
urine was taken, adjusted (glass electrode), 
diluted 250 ml. with water reduce interference salts, 
and run column about 100 ml./hr. The resin was 
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washed with 125 ml. de-gassed water hr.), followed 
125 ml. de-gassed (v/v) ethanol hr.). De-gassing 
was necessary avoid the formation bubbles the 
column; the longer time allowed for the ethanol wash 
ensured regular shrinkage the resin. Bases were eluted 
with 350 ml. eluting agent, generally overnight, but 
sometimes hr. the following day. 


Concentration eluates 


Eluates contained, besides organic bases, salts mainly 
derived from the buffered resin. The eluate was rapidly 
hr.) concentrated vacuo (N,) less than ml. with 
oil pump and condenser with solid CO, 
ethanol; the bath temp. was always below 30°. Ethanol 
ml.) was added, and then 50-60 ml. acetone ml. 
volumes. The precipitated salts were filtered off. The acetone 
and most the ethanol were removed vacuo (water 
pump) and the remaining liquid was quantitatively trans- 
ferred with the aid ethanol 150 mm. glass-stoppered 
tube (B24 standard ground-glass joint). The solution was 
evaporated dryness vacuo and the last traces water 
were removed the addition and evaporation ml. 


From reservoir 


Fig. Type column unit used for chromatography 
urine Zeo-Karb 226. For description see text. 
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volumes ethanol. The dried deposit was then extracted 
twice with ml. acetone containing (v/v) ethanol 
and the extracts were filtered, combined and evaporated 
dryness vacuo. The residue was dissolved 
(v/v) ethanol and stored 20°. 


Paper chromatography 


Ascending runs one dimension Whatman no. 
paper, more often no. 20, were generally used. Occasion- 
ally descending two-dimensional techniques were 
employed. The solvents are given Table 

Detection indole spots. The best results were obtained 
dipping the papers reagent. The stock solution 
was (w/v) p-dimethylaminobenzaldehyde acetone- 
light petroleum (b.p. (9:1); (v/v) cone. HCl was 
added immediately before use. The dipped papers were 
allowed dry for and then placed strong 
current warm air (40°) until they longer smelt strongly 
HCl (7-8 min.). The method could detect 
5-hydroxytryptamine in. runs the aqueous 
butanol-acetic acid solvents. 

Quantitative methods. Data were obtained from chromato- 
grams treated with Ehrlich’s reagent. Approximate 
estimates were first made one- two-dimensional runs 
visually comparing the intensity the spots with spots 
pure standard solutions run parallel. volume extract 
containing amine was chosen. Spots this 
volume and equal number twice this volume were 
applied alternately sheets Whatman no. paper 
with syringe pipette. the lower volume spots 
each sheet standards from 0-025 were super- 
imposed. After ascending chromatography (7-8 in.) 
aqueous propan-l-ol acid—water the 
spots were revealed dipping the reagent. 
Occasionally, when using these solvents, masking and 


distortion the spots made the estimate unsatisfactory; 


chromatograms were then run soln. 
(Table 1), although this solvent was generally avoided 
since gave diffuse spots. Comparisons were made (a) 
visually (b) photometrically. 

were run. The 8yl. spots most nearly matched the 
been added; they were clearly differentiated from the 
adjacent spots which had received 0-075 and 
5-hydroxytryptamine. The extract was therefore esti- 

(b) The maximum density the spots was determined 
560 Unicam spectrophotometer with specially 
constructed adaptor. Measurements were made within 
0-5 hr. dipping. Compact and regular spots were essential 
for good results; densities were then proportional 
hydroxytryptamine content The mean 
densities the spots containing standard were plotted and 
the amine content the extract was calculated from the 
mean density the unknown spots. The accuracy varied 
from +15%, depending the number spots run 
and the scatter their densities. one instance spots 
were run five sheets. The 5-hydroxytryptamine content 
the urine was calculated from the mean densities each 
mean 
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RESULTS 
Qualitative observations 
Extracts prepared from 100 ml. urine usually had 
adry wt. 5-10 mg.; (w/v) solutions ethanol 
were clear and pale yellow. Chromatograms 
extracts, equivalent ml. urine and de- 
veloped with Ehrlich’s reagent, always revealed two 
main bluish spots with values six solvent 
systems which corresponded those authentic 
5-hydroxytryptamine and tryptamine obtained 
parallel runs (Table 1). When 5-hydroxytryptamine 
and tryptamine were added extracts complete 
identity spots was obtained all the solvents. 
Similar results were obtained two-dimensional 
chromatograms. Both spots gave greenish 
fluorescence with acid ninhydrin (Jepson Stevens, 
1953) and with potassium dichromate and formalde- 
hyde (Shepherd, West Erspamer, 1953); neither 
these reactions given N-methyl-5-hydroxy- 
tryptamine bufotenin. the other hand, only 
the spots with value corresponding that 
5-hydroxytryptamine reacted with diazotized sulph- 
anilamide (Block, Durrum Zweig, 1955) 
rapidly reduced ammoniacal silver nitrate (Dal- 
gliesh, 1955). This indicated that one indole was 
phenolic and the other non-phenolic character. 
Further evidence the identity the spots was 
obtained examining their action guinea-pig 
since 5-hydroxytryptamine powerful 
stimulant smooth muscle, and tryptamine only 
stimulates high doses (Gaddum, 1953). this 
was necessary separate the two indoles. 
Fractionation cellulose powder. Extracts 
several urine specimens were pooled and dried 
vacuo. The residue (225mg.) was dissolved 
propan-l-ol. The extract solution was 
pipetted column Whatman ashless 
(v/v) The solution was allowed 
soak into the column about was then 
washed about ml./hr. successive additions 
2ml. volumes 92-5, and (v/v) 
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v/v) was then run through 2-5 ml./hr. and total 
collector. All fractions were examined paper 
chromatography and Ehrlich’s reagent. Fractions 
3-7 contained fast-running material. The pooled 
fractions 14-16 (A) contained about 90% the 
non-phenolic indole and all the phenolic indole was 
the pooled fractions (B). The pooled 
fractions and were each evaporated dryness 
vacuo and dissolved ml. (w/v) 
NaCl. 

Tests guinea-pig 0-5 ml. each 
fraction was added guinea-pig ileum suspended 
ml. Tyrode solution 34°. Only fraction 
which contained the indole resembling 5-hydroxy- 
tryptamine, caused contraction; this was un- 
affected mepyramine, but was partially an- 
tagonized large dose tryptamine (Gaddum, 
1953). The height the contraction caused 
0-1 ml. fraction was approximately matched 
5-hydroxytryptamine (Fig. 2), esti- 
mate which corresponded that obtained 
paper chromatography. Fraction had action 
the tissue. These observations, together with 
those made paper chromatography, justify 
reference the phenolic indole ‘urinary 
hydroxytryptamine’ and the non-phenolic indole 
‘urinary tryptamine’. 

Other indole spots. about one-quarter the 
urine specimens, chromatograms extracts run 
showed very faint indole spot the bufotenin 
position; bufotenin added extracts also gave 
identity with this spot. Further evidence its 
nature has not been obtained. gave detectable 
colour with diazotized sulphanilamide, but this 
could due the low sensitivity for bufotenin 
this reagent, which requires about compared 
with for the Ehrlich’s reagent. Fast- 
running material reacting with Ehrlich’s reagent 
was seen most extracts; usually appeared 


Table values indoles run ascending chromatograms for in. 


Solvent system 
(3:1) 
acid—water (4:1:5)* 
n-Butanol saturated with 


Partridge (1946). 


values 


5-Hydroxy- 
tryptamine 


hydroxy- 
tryptamine 


Bufotenin Tryptamine 


0-48 0-53 0-59 0-69 
0-47 0-66 0-86 0-71 
0-44 0-47 0-51 0-67 
0-18 0-43 
0-56 
0-43 0-53 


After 


Erspamer (1955). 
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diffuse streak beyond 0-75, but sometimes 
formed two distinct spots 0-75 and 0-85. Other 
blue spots were occasionally noted, particularly 
with urine specimens from hospital patients. 


Quantitative observations 


Values for the recovery some indoles added 
urine are given Table The figures for 5-hydroxy- 
tryptamine are taken from experiments 
which the mean recovery was 13); 
those for bufotenin and N-methyl-5-hydroxytrypt- 
amine are the only values available. Tryptamine 
recovery several experiments was between and 


5-HT 


Fig. 


guinea-pig ileum suspended ml. Tyrode soln. 34°; min. cycle, contact time. 
Action urinary fraction (see text) the presence mepyramine. 0-5 mepyramine was added 
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Results for the daily excretion ‘urinary 
hydroxytryptamine’ normal adults are given 
Table They indicate normal rate excretion 
hr.; ‘urinary tryptamine’ 
excretion was the same order somewhat lower, 
obvious correlation with urine volume can 
seen. 

Daily variation output; influence oral 
administration tryptophan. 5-Hydroxytryptamine 
the body probably derived from dietary 
tryptophan via the intermediate 5-hydroxytrypto- 
phan (Clark, Weissbach Udenfriend, 1954); 
adult diet supplies about tryptophan/24hr. 


tryptamine (at was not washed out before addition the stimulating agent (Gaddum, 1953). 


Table Recovery indoles added human urine 


Results were obtained estimating spot intensities paper chromatograms photometric method accuracy 


of +12% (see text). 


Present 


urine 

Amine 
5-Hydroxytryptamine 
5-Hydroxytryptamine 


Tryptamine 


Not detected 
Not detected 


Total 
Added found Recovery 
(%) 
133 117 
100 80 67 
100 105 
420 300 71 
200 130 65 
100 100 
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Table Daily excretion ‘urinary 
tryptamine’ and ‘urinary tryptamine’ normal 
male adults 
Results were obtained estimating spot intensities 

paper chromatograms, either visual inspection 

(accuracy photometric determination spot 


density 
5-hydroxy- 
Urine tryptamine’ 
vol. output output 
Subject (ml.) hr.) hr.) 
Visual method 
l 1500 80 60 
2 1820 70 70 
1040 
1820 100 110 
5 1440 60 30 
2300 115 
7 950 120 
1390 110 
Photometric method 
1350 116 
1660 
610 101 


Independent analyses separate samples the same 
hr. urine two workers. 


Table Daily excretion 5-hydroxytrypt- 
adult male, showing the effect 
extra dietary tryptophan 


Results were obtained estimating spot intensities 
2g.) was administered. 


«£. 


5-hydroxy- 


Urine tryptamine’ 
output 
Day (ml.) hr.) 
2010 
2 940 48 
3 1130 62 
4 2050 50 
5 920 106 
6 1300 59 
1360 


Urine was collected 
consecutive days; 2g. L-tryptophan was ad- 
ministered single dose the All 
were analysed parallel and ‘urinary 
5-hydroxytryptamine’ the extracts was esti- 
mated. normal diet the output ranged from 
hr., whereas during the period after 
ingestion extra tryptophan rose 106 
hr. (Table 4). another experiment urine was 
collected for two periods; the first day, 
diet was normal, the second, 
was given. Values for ‘urinary 5-hydroxytrypt- 
amine’ output were 160 
spectively. 


40 


periods for seven 


and 
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DISCUSSION 


These experiments strongly support the conclusion 
that 5-hydroxytryptamine occurs normal human 
urine, was suggested Twarog Page (1953). 
They also adduce evidence for the excretion 
tryptamine urine. account tryptamine 
normal urine has been found the literature, but 
Sullivan (1922) isolated tryptamine-like base frora 
urine obtained from cases pellagra. 
Methylated derivatives 5-hydroxytryptamine 
urine. Evidence for the occurrence these indoles 
urine has been given Bumpus Page (1955) 
who detected chromatograms 
reagent spots with values similar those 
hydroxytryptamine and its N-methyl derivative 
and bufotenin. attempt, however, was made 
characterize the spots further other tests such 
the diazo reaction for phenols; consequently the 
presence tryptamine, which alkaline solvents 
such Bumpus Page used has value near 
that bufotenin, was not excluded. the present 
work satisfactory evidence for the occurrence 
bufotenin 
urine has been obtained, although both amines were 
recovered from urine yields similar those 
added 5-hydroxytryptamine, and consequently 
excretion greater than about would 
presumably have been detected. Bumpus Page 
(1955) gave indication the relative amounts 
5-hydroxytryptamine, 
amine and bufotenin occurring their extract. 
Quantitative observations. Estimation spot 
intensities the indoles paper chromatograms 
was the most sensitive chemical method available. 
Thus extracts prepared from 100ml. urine 
usually contained ‘urinary 5-hydroxy- 
tryptamine’, which well below the range the 
colorimetric method Udenfriend, Weissbach 
Clark (1955). The disadvantage large error was 
not serious since detection small changes output 
was not sought. the basis recovery 70% 
the method, the data Tables and suggest 
regular excretion ‘urinary 5-hydroxytrypt- 
amine’ normal subjects ranging from 
150 hr. Since Humphrey Jaques (1954) 
found very low level free 5-hydroxytryptamine 
the plasma (about 0-2 ml.) this estimate 
‘urinary 5-hydroxytryptamine’ output suggests 
that either the renal clearance the compound 
high that platelet-bound 5-hydroxytryptamine 
released into the plasma near the sites urine 
formation. either event the platelets, their 
capacity bind 5-hydroxytryptamine, are ap- 
parently functioning conserve the compound for 
the organism. However, the possibility that part 
the ‘urinary 5-hydroxytryptamine’ contributed 
directly kidney metabolism must 
Bioch. 1956, 
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considered; preparations kidney tissue rapidly 
form 5-hydroxytryptamine from added 5-hydroxy- 
tryptophan (Clark al. 1954). 


SUMMARY 


The occurrence indole bases human urine 
has been studied chromatography urine 
Zeo-Karb 226, elution absorbed bases with acid 
ethanol and concentration 0-002 the volume 
urine used. were investigated paper 
chromatography and tests guinea-pig ileum. 

Urine extracts contained two indoles. Evi- 
dence strongly supporting the identity one 
these with 5-hydroxytryptamine and the other with 
tryptamine was obtained. 

N-Methyl-5-hydroxytryptamine bufotenin 
was not detected the extracts. 

estimation spot intensities paper 
chromatograms recovery 5-hydroxytryptamine, 
bufotenin and 
tryptamine added urine was the order 

The excretion ‘urinary 5-hydroxytrypt- 
amine’ twelve normal adults ranged from 
hr.; similar values were found for 
‘urinary tryptamine’ output (six subjects). 

The author indebted Professor for 
encouragement and advice; Aves for excellent 
technical assistance; and the Board Governors the 
Bethlem Royal Hospital and Maudsley Hospital for grant 
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the pharmacological experiments were very kindly given 
5-hydroxytryptamine creatinine sulphate from 
Hems Glaxo Laboratories, V-methyl-5-hydroxytrypt- 
amine oxalate from Jepson the Courtauld Insti- 
tute and bufotenin from Speeter the Upjohn 
Co. are gratefully acknowledged. 
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The Prosthetic Group Cytochrome 
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Cells Escherichia coli and Shigella dysenteria 
which had been grown under aerobic conditions were 
shown Yaoi Tamiya (1928) possess 
absorption band which differed from those 
previously described cytochromes that lay well 
within the red region the spectrum. Keilin (1933) 
attributed this band component the cyto- 
chrome system these bacteria. Negelein 
Gerischer (1934) and Fujita Kodama (1934) inde- 
pendently published spectroscopic evidence that 
cytochrome had been designated, was 
autoxidizable and could combine with carbon 
monoxide and cyanide. Unlike other 
that had been observed the oxidized form showed 

Working under grant from the National Health and 
Medical Research Council Australia. 


band the visible region the spectrum, 
645 mp. Fujita Kodama (1934) also showed that 
this was widely distributed amongst 
other bacteria, e.g. Azotobacter chroococcum, Proteus 
vulgaris, Acetobacter pasteurianum, 
and Salmonella paratyphi. The spectroscopic evi- 
dence the properties led the 
assumption that these organisms 
function cytochrome oxidase. This view re- 
mained current until the recent work Tissiéres 
(1952), Moss (1952) and Chance (1953) threw doubt 
it. 

attempt seems have been made establish 
the nature the prosthetic group cytochrome 
though Negelein Gerischer (1934) suggested that 
might related the ferrophaeophorbides, and 
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Lemberg Wyndham (1937) considered that there 
were spectroscopic resemblances 
complexes. From the difference spectrum 
the CO-compound cytochrome a,, Chance con- 
cluded that the spectrum its prosthetic group 
would lack distinctive Soret band, and considered 


this evidence favour the assumption 


Lemberg Wyndham. 

The probable importance cytochrome 
electron carrier and especially its possible role 
terminal oxidase suggested the present attempt 
isolate and characterize its prosthetic group. 

Aerobacter aerogenes was used the source 
but other organisms have also been 
examined. Both the and the iron-free 
pigment, new chlorin, have been partially purified, 
the latter much greater degree. Comparison 
spectra, study the side chains and conversion 
into porphyrin have led the conclusion that 
chlorin dihydroporphyrin derived from either 
protoporphyrin similar porphyrin. pre- 
liminary note covering early part this work has 
been published (Barrett Lemberg, 1954). 


haemin 


METHODS 


Bacteria. strain Aerobacter aerogenes supplied 
Moss Sydney University was used first, but was 
later replaced more vigorously growing strain isolated 
from grounds this Institute. Both strains 
constantly gave rise variant which gave 
extremely viscid cultures aeration. Consequently the 
organism was frequently plated out and cultures were made 
from dew-drop-type colonies. Aero. aerogenes was grown 
medium the following composition: 
sodium citrate, g.; 0-2 g.; peptone, g.; 
sucrose, 200 g.; tap water 151.; 6-8. Gas mixture 
+CO,, 95:5) was bubbled through sintered-glass disk 
grade 4), and provided optimum aeration and gentle 
stirring the medium without excessive frothing. Cultures 
were incubated 37° for hr. the early part this work, 
but were later left for hr. give higher yields cyto- 
chrome per unit weight cell materia]. cell mass 
equivalent dry weight was normally obtained 

Escherichia coli and Proteus vulgaris, Bacillus subtilis, 
mycoides and Pseudomonas aeruginosa were grown 37° 
asimilar medium, glucose replacing sucrose and the peptone 
concentration being increased 1%. Aeration was carried 
Cells were harvested after hr. 
Azotobacter vinelandii was grown 25° amounts, 
bottles, the medium Burk Lineweaver (1930). 
Vigorous aeration the culture was maintained with 
compressed air. Cells were harvested hr. 
émounts. Cultures were vigorously aerated with 
and cells were harvested after incubation for hr. 25°. 

Solvents. Peroxide-free ether was used. Acetone, A.R., 
vas used supplied for extraction the cells, but for other 
iteps the preparative work was stood over CaO over- 
filtered and distilled. All other organic solvents used, 


xc in the 
soil ULC 


out described above. 
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except kerosene, were distilled once supplied A.R. but 
twice lower purity. 

Silica-gel columns. Silica gel (British Drug Houses Ltd., 
100 mesh) was washed twice with ethanol, twice with 
water, then dried 22°. The silica gel g.) was taken into 
round-bottom flask and the air was replaced nitrogen, 
the flask being continuously shaken. methanol—water 
mixture (70:30, ml.) was added and the contents the 
flask were shaken under nitrogen. This procedure leaves 
the particles silica gel still dispersed, which essential 
for smoothly working columns. the silica gel was added 
ml. light petroleum (b.p. 68°). column 1-5 em. 
was used for the haemins from dry weight 
cells. 

Hydrochloric acid concentrations. Because the term HCl 
number widely used throughout the literature por- 
phyrin chemistry, the form (w/v) HClis used instead 
normality. 

Paper chromatography. For analytical purposes the 
method Chu, Green Chu (1951) with slight modifications 
was used. The esters the porphyrins and chlorins 
were run separate sheets 
and (6:1). Trichloroethylene 
alone was also used. migration the solvent front 
was used throughout. 

For preparative purposes sheets Whatman no. paper 
19-50 cm. width were used. The paper was washed 
95% ethanol, followed 95% acetone, and dried air. 
After development one the kerosene systems and 
marking the bands that fluoresced under light, the 
paper was cut into horizontal strips and these were washed 
light petroleum (b.p. below 40°), followed drying 
trated 


vacuo at 25°. The chk 


placing one end the strip few ml. acetone 
test tube. The sharp band pigment which developed 
the top the strip was cut off and the pigment eluted with 
acetone. When trichloroethylene was used washing with 
light petroleum was not necessary. 

Spectrophotometry. Absorption spectra were measured 
with Hilger Uvispek spectrophotometer. The wavelength 
scale was set with reference the hydrogen lines 656-3 
and 486-1 my. with the hydrogen-lamp source supplied 
with the instrument. 


EXPERIMENTAL AND RESULTS 
Preparation haemin 


Nomenclature. Throughout this paper the nomenclature 
Lemberg Legge (1949) has been used. 

Extraction haemins from cells Aero. aerogenes. The 
cells were dispersed Waring Blendor with sufficient 
water, acetone and give, for each dry weight, 
200 ml. suspension containing ml. water, 140 ml. 
acetone and HCl. Extraction was complete 
sec. Lower concentrations acetone gave incomplete 
extraction the haemins. The use methanol instead 
acetone, prior extraction the cells with neutral acetone 
methanol, gave rise low yields haemin 

The cell residue was separated from the 
solution centrifuging. equal volume ether was 
added the supernatant immediately separation, and 
the ethereal solution haemins obtained washed with 
HCl until free from acetone. The ether solution con- 
tained much fat, and great care was necessary avoid the 
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formation emulsions. the completion this stage the 
combined haemin solutions were stood 16°. 

Spectroscopic observation the brown ethereal solution 
haemins showed diffuse but strong band 603 
The intensity this band relative the band 
protohaemin was found the same order the 
intensity the 630 band reduced cytochrome 
relative the 560 band reduced cytochrome 
Fig. shows the absorption spectrum the haemins from 
cells with cytochrome band medium strength com- 
pared with the absorption spectrum protohaemin. Ether 
solutions measured were washed with HCl 
ensure complete formation the haemin. Extinctions 
635 and 603 were measured follow the separation 
haemin from protohaemin. The average batch cells 
gave haemin extracts with value 1-2 for the ratio 
obtained. Cells with weak cytochrome band gave ratio 
of 1-0. 

Precipitation phospholipids. The ether solution 
haemins from 100 dry weight cells contains approx. 
lipids, mainly phospholipids, the greater part 
which was removed acetone precipitation. The ether 
solution was first chilled 16°, filtered remove ice 
crystals, and the volume reduced one-fiftieth distilla- 
tion vacuo, nitrogen being passed through the capillary. 
Acetone was added small amounts, the precipitated 
phospholipid being centrifuged off after each addition. 
When more precipitation occurred the volume was 
reduced vacuo, and any precipitate removed. The solution 
the precipitating lipids the temperature was lowered 
stages, the phospholipid being filtered off precipitated. 
Finally, all solvent was removed vacuo, thus ensuring 
removal residual water, and the oily residue was dissolved 
dry acetone and stood 16°. 

Chromatography silica gel. The acetone was removed 
vacuo from the solution haemins and the oily residue 
(approx. g.) taken into small volume benzene. The 
protohaemin that precipitated was removed centrifuging. 
chilling overnight second, smaller precipitate 
could obtained. The haemins benzene were applied 
silica-gel column (see Methods). Light petroleum (b.p. 
68°) quickly eluted yellow zone lipids (fatty acids, 
phospholipid and deep-yellow neutral lipid). This solvent 
was followed light petroleum (b.p. 68°) which had been 
equilibrated with equal volume mixture methanol 
and water (70:30), then wet benzene which was added 
gradually increasing amounts methanol. concentra- 
haemin began develop the head the column, and the 
haemin was eluted. The methanol content the benzene 
was further increased until all the haemin material had been 
removed from the column. All solvents were run through 
the column under nitrogen. 

The green fraction coming off the columns showed weak 
band 603 my. and strong band 660 Washing 
the fraction with HCl caused disappearance the 
660 band and considerable increase the intensity 
the 603 band. The early benzene fractions accounted for 
60% the total absorption 603 the material 

was 2-88. 


applied the column. The ratio 
The later benzene fractions less-pure haemin were 


combined and put through similar column, yielding 

Preliminary work has shown that the crude haemins 
light petroleum, without prior precipitation 
lipids, may applied these improved silica columns, and 
developed the same manner, except that wet ether used 
place benzene. Haemin a,, with value 3-18 for 
has been obtained readily this way. 
Fig. shows spectral curve for the haemin ether which 
had been washed with 

Countercurrent distribution and paper chromatography 
haemins The green haemin obtained from the improved 
column was still oily removal solvent. Therefore, 
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attempts were made remove further lipid 
liquid extraction. The best solvent system was 
petroleum (b.p. 68°) (70:30:100). six- 
stage distribution was carried out according the method 
Bush Densen (1948), six methanol and six light- 
petroleum fractions being obtained. small amount 
yellow fat moved rapidly with the light petroleum phase, 
the haemin staying the first two tubes the methanol 
phase. When benzene was used instead light petroleum 
some the haemin migrated with the fat. Haemin 
though still oily appearance, could now precipitated 
from acetone means light petroleum benzene. 
Attempts were made obtain separation haemin 
from accompanying trace protohaemin means 
paper chromatography. many solvent systems tried 
only benzene—butanol (10:1), with the ascending method 
chromatography, gave marked difference the value 
for haemin (Rp 0-6) and protohaemin (0-1). Haemin 
gave slightly elongated spot, but separation from the 
protohaemin impurity was obtained. The failure obtain 
separation attributed presence residual lipid. 


Spectroscopic properties haematin compounds 


ments was prepared silica-gel chromatography, 
followed precipitation —70° some the 
protohaemin and lipid impurity from acetone 
solution the haemin. 

The experiments were carried out Thunberg 
tube modified for spectrophotometry. Before the 
addition obtain the reduced com- 
pounds, the tube was evacuated. Sufficient 
phosphate buffer, 7-6, ensure full develop- 
ment the maxima. Excess was avoided this led 
rapid decay the maxima the haematin 
compounds. Maxima were measured the 
spectrophotometer and with the Hartridge rever- 
sion spectroscope, separate samples. 

The pyridine haemochrome was formed adding 
contained the side-arm the Thunberg 
tube, haemin mixture pyridine and 
(1:2). The ferric compound gave 
diffuse band with its maximum 
reduction the haemochrome gave sharp peak 
613-615 mp. This peak decayed fairly rapidly. 
Lower concentrations NaOH (to 0-001N), and 
various proportions pyridine NaOH were tried, 
but the conditions stated gave the maximum 
development the band and the 
slowest rate decay. 

When crude haemin preparations 
were converted into the pyridine haemo- 
chrome, the intensity the 613 band was much 
weaker than that expected from the haemin 
content the extracts. Only faint band, which 
disappeared very rapidly, could seen 613 
though strong bands due protohaemochrome (at 
557 and 525 my.) were present and persisted. 
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phosphate buffer, 7-6, gave wide absorption 


band with its maximum (alkaline 
haematin). Reduction gave diffuse band 


618 (haem) long the solution remained 
alkaline. 

The CO-haem compound was formed adding 
phosphate buffer, 7-6, the solution being satur- 
ated with coal gas beforehand. strong band with 
its maxima appeared. Reduction 
the haem before gassing did not give stable 
preparation. 

The cyanide complex was formed adding 
excess KCN haemin 0-2N-NaOH. The 
664 peak the alkaline haematin disappeared 
and was replaced broad band absorption 
with its centre reduction with 
band with its maximum 618 
was obtained. This ferrous cyanide compound was 
the most stable the ferrous haem compounds. 

Table gives the position the principal 
maxima haematin compounds. 


Chlorin from haemin 


Removal from the haemins. The ferrous 
acetate method Warburg Negelein (1932) was 
used with modifications. First, was found 
remove the iron without heating the 
haemin solution, thus avoiding destruction the 
chlorin. Secondly, after much experience was 
apparent that the amount HCl added the 
acetate mixture was critical, even 
small excess causing some destruction the 
chlorin. 

The iron may removed from the haemins 
any stage after taking them into ether from the acid 
extracts. For preparative pur- 
poses precipitation the phospholipid was first 
carried out. 

The combined haemins were taken into acetic acid 
give solution with Carbon dioxide was 
bubbled through this solution 20°. each ml. was 
added ferrous acetate solution prepared 
heating under CO, mg. Ferrum reductum (British Drug 
Houses Ltd.) per ml. acetic acid. The hot ferrous acetate 
solution did not raise the temperature the haemin solution 


Table Haematin compounds 
Wavelength 
the maximum 

absorption 


Acid haematin (haemin) 603 
Alkaline haematin 
Haem 618 
CO-haem 
Pyridine haemochrome 613 
Cyanide haemochrome 618 


500 
| 
03 


630 BARRETT 1956 


above sec., 0-1 ml. conc. HCl was added. The 
emergence the main band (630 chlorin hydro- 
chloride and that protoporphyrin hydrochloride was 
followed with hand spectroscope. After 2-5 min. the 
acetic acid solution was tipped into ether over dilute 
sodium acetate. Acetic acid was largely neutralized with 
followed thorough washing with water. 
Spectroscopic examination this ether solution showed, 
addition the bands protoporphyrin 633, 576, 537 


and 503 band 653 my. (the principal band 


chlorin 

I he ratios my. and E, 3 Eso3 my. have be en 
used follow the separation chlorin from protopor- 
phyrin and related porphyrins. Values for these ratios 
obtained after removal the iron from haemin preparations 
different my. are given Table This 
shows that the haemin content these preparations 
increased there was increase the proportion chlorin 


a, to protopor phyrin. 


bacterial haemins and for the chlorin—porphyrin 
haemins, with the molar ratio protoporphyrin 
chlorin as 


Table Correlation spectrophotometric ratios for 


Chlorin 


Haemins mixture ether 


1635 mu. 633 my. E 503 my. to chlorin a,* 
0-81 0-34 10-4 
1-05 1-23 0-49 6-4 
1-09 — 5-9 
1-14 1-33 0-53 
1-26 
1-28 1-82 


These values have been from the 
653 and 576 (see text). 


Chromatography silica gel. Silica-gel columns (see 
Methods) similar dimensions those used for the haemins 
readily gave good yields chlorin purity greater than 
obtainable any other means, including the classical 
method fractionation between ether and HCl. After 
precipitation phospholipid with acetone (see haemins) the 
chlorin was taken into benzene, and the precipitated 
porphyrin removed centrifuging. The greenish brown 
supernatant was applied silica column. The sequence 
solvents and procedure was described for the 
Benzene which had been equilibrated with water, and 
which was then added methanol, eluted 40% the 
chlorin applied the column. The value 
for this fraction varied from 2-94 2-57. The sub- 
sequent fractions obtained increasing the methanol 
content the benzene accounted for 50-55 the chlorin 
applied the column. These fractions were recombined and 
run through second column; chlorin fraction with ratio 
the best fraction did not significantly raise the 
Tatio, though small amount lipid could 
removed. 

Further purification chlorin best chlorin fractions 
from these columns were oily after removal the solvent. 
Countercurrent distribution was therefore carried out 
described for the haemins, except that ten stages were used. 
Some fat ran with the light-petroleum phase. Most the 
chlorin was the methanol fractions and and these two 
fractions were combined and taken into ether. The ratio 
The chlorin could now completely 
extracted from ether with HCl. The chlorin was 
returned ether partial neutralization the acid 
extracts with NaHCO,, and this solution exhaustively 
extracted with and HCl. small amount 
porphyrin and trace chlorin were extracted 
and the and fractions contained equal amounts 
chlorin The ratio my. for the fraction 
ether was 3-3. ether the chlorin showed bands 653, 
573, 534 and 503 mu. The decreasing order 


Table values obtained paper chromatography the methyl ester chlorin 
and related chlorins and porphyrins 


Chlorin 

Mesochlorin 

Pyrrochlorin 

Rhodochlorin 
deuteroporphyrint 
Protoporphyrin 

Mesoporphyrin 
Haematoporphyrin 

deute roporphyrin 

porphyrin impurity 
Pyrroporphyrin 
Rhodoporphyrin 


653 44553 um. 


Solvent system 


Trichloro- 
ethylene 


Kerosene 
chloroform 


Ker ysene 
propanol 


0-77 
0-88 0-89 0-96 
0-96 0-97 0-96 
0-90 0-91 0-96 
0-34 0-00 0-00 
0-26 0-00 0-00 
0-75 0-80 0-96 
0-82 0-82 0-96 
0-30 0-05 0-05 
0-40 0-28 0-00 
0-40 0-00 
0-92 0-96 
0-77 0-96 


Prepared according Fischer Bock (1938). 


Prepared similarly from monovinylmonohydroxyethyldeuteroporphyrin. 
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Chromatography the methyl esters chlorin and 
porphyrin impurities. The methyl ester was prepared 
esterification chlorin with diazomethane. The spectra 
chlorin and its ester were identical. 

Paper chromatography. Table gives the values 
obtained three solvent systems for the methyl esters 
chlorin and certain related substances and porphyrin 
impurities. Under u.y. light chlorin spots all three 
systems displayed brick-red fluorescence, whereas spots 
due the porphyrin impurities were bright red. 

Various preparations containing chlorin were chromato- 
graphed preparative scale. The best fraction from any 
system did not give greater value than for 
porphyrin 0-4 the kerosene—propanol system. 
The absorption maxima this porphyrin ether were 
626, 576, 533 and 502 

Alumina chromatography. mixture chlorin and 
porphyrin, after precipitation phospholipid and some 
experiments further removal lipid chromatography 
silica-gel columns, was esterified with diazomethane and 
ether solution the methyl esters applied column 
alumina (British Drug Houses Ltd.) set ether. 
eluting with ether, protoporphyrin moved rapidly down the 
column, followed slowly small amount porphyrin 
with absorption maxima 626, 576, 534 and 502 mp. 
paper chromatography this porphyrin gave 0-4 
the system and 0-28 the 
system. 

Chloroform and methanol eluted small amount 
haematoporphyrin (identified its spectra and paper 
chromatography) and chlorin with principal maximum 
absorption 648 The dark-green layer the head 
the column was then separated from the rest the column 
and chlorin eluted from this with 70% aqueous acetone 
for this fraction ranged from 2-0 2-5 different 
experiments. The recovery chlorin was the order 
50%. 

Other aluminas (Merck, Savory and Moore) and ab- 
sorbents, e.g. magnesium oxide, magnesium carbonate, 
calcium oxide and calcium carbonate, were tried without 
success. 

The ‘626 porphyrin was also obtained from material 
precipitated with benzene and from certain fractions 
obtained silica-gel chromatography the benzene- 
soluble material. The amount from any preparation was 
always very small. was not possible this 
columns crystallized readily. 


protoporphyrin 


Absorption spectra chlorin 

curve the absorption the visible region 
the spectrum ether solution chlorin 
shown Fig. Chlorin preparations with 
absorption the 580-570 region. Very fatty 
fractions showed shift the two principal maxima 
1-2 mp. towards longer wavelengths. 

number the purest preparations chlorin 
ether solution were examined the 
region. These showed Soret band 
405 and two other main regions absorp- 
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tion 280-270 and The purest 
fraction gave the ratios 


30 


Some the absorption the u.v. region appears 
due lipid impurity. number lipid fractions 
which had been separated chromatography and 
countercurrent distribution from chlorin showed 
broad bands the mu. region. 

Chlorin dilute showed strong band 
630 Higher concentrations exhibited shading 
the band towards the red region the spectrum. 
20% HCl the maximum was 
Chlorin 10% HCl gave value 0-71 for 
1-1 after 24hr. Fig. shows spectral curves for 
chlorin and 16-5% HCl. The concentra- 
tion the chlorin the same both, and measure- 
ments were made immediately after preparation 
the Dilution the HCl 


solutions. 
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solution with water give HCl concentra- 
tion gave spectral curve identical with that 


Metal complexes chlorin 


Haemin. was introduced into chlorin 
the ferrous acetate method (Fischer Orth, 1940). 
Quantitative conversion chlorin into haemin 
could not obtained. Prolonged heating the 
chlorin with ferrous acetate and NaCl acetic 
acid caused destruction the chlorin and the 
haemin formed. With short periods heating 
low temperatures the iron was not introduced into 
the chlorin. 

The haemin was converted into the acid haematin 
and into the pyridine haemochrome. The positions 
the maxima these compounds were the same 
for those formed from the original haemin a,. 

Copper and complex. The and Zn— 
chlorin complexes were formed the methods 
Fischer (Fischer Orth, 1940). The positions the 
maxima absorption for the complex were 
613, 562, 526 and 401 those the 
complex 615, 564, 529 and 408 
The decreasing order intensity was IV, 
both cases. 


Evidence for the nature the side chains 
haemin and chlorin 


solution the haemin pyridine, excess mixture 
equivalent amounts hydroxylamine hydrochloride and 
was added, and the mixture was stood for hr. 
22° gently refluxed for After cooling, equal 
volume was added the pyridine solution, 
principal maxima absorption the pyridine haemo- 
chrome was observed. Chlorin was similarly heated with 
hydroxylamine pyridine, followed cooling and filter- 
ing. shift the absorption maxima chlorin was 
found. 

The presence formyl carbonyl groups haem 
thus excluded. 


Table Effect diazoacetic ester (DAE) the 
position the maxima absorption the red 
region the spectrum 

Wavelength the 
maximum absorption 


Before DAE 


Compound treatment treatment 
Chlorin 652 646 
Phaeophorbide 667 660 
Dioxyprotoporphyrin 668 662 
Protoporphyrin 633 626 
Monovinylmonohydroxy- 626 624 
ethyldeuteroporphyrin 
porphyrin from 626 626 
chlorin 
porphyrin from 626 626 


protoporphyrin 
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Effect diazoacetic ester the absorption spectrum 
chlorin excess diazoacetic ester was added 
chlorin tube. The tube was flushed with nitrogen, 
stoppered and left the dark for hr. Heating 70° for 
hr. carried out Fischer (see Fischer Orth, 1940) 
gave similar results, but this caused considerable destruction 
the chlorin. Ether was added the tube and the chlorin 
extracted with 20% HCl, taken back into ether and the 
positions the maxima were determined. Protoporphyrin 
(two vinyl groups), phaeophorbide (one vinyl group) and 
dioxyprotoporphyrin (two vinyl groups) were similarly 
treated. All these compounds showed the same degree 
shift the principal maxima absorption after reacting 
with diazoacetic ester (‘Table 4). The presence least one 
vinyl group chlorin thus demonstrated. 

Paper chromatography the free chlorin. Chlorin was 
chromatographed according the method Nicholas 
determine the number free carboxylic acid side chains. 
and pyrroporphyrin, 0-95; protoporphyrin and 
rhodochlorin, 0-8; coproporphyrin, 0-50). The 
value obtained for chlorin indicates that probably has 
two carboxylic acid side chains (see Discussion). 

Effect acid and alkali chlorin a,. Because the 
possibility esterified carboxylic acid side chain, 
chlorin was left stand 20% HCl NaOH over- 
night. the values was found. Esterification 
carboxylic acid side chain can thus ruled out. Some 
destruction the chlorin occurred the alkali. Similar 
results were obtained with methanolic potassium 
hydroxide. Heating the chlorin all these solvents 
resulted its total disappearance. 


Conversion chlorin into porphyrins 


the spectrum chlorin did not correspond 
that any known chlorin, further information 
was sought the nature its side chains 
attempting conversion into the porphyrin. Two 
methods were investigated, both which had been 
used extensively Fischer (see Fischer Orth, 
1940) during his studies the structure chloro- 
phyll. 


Catalytic hydrogenation and reoxidation. Chlorin 
approx. 100 amounts estimated spectrophotometrically 
(see below), was hydrogenated 22° and atmospheric 
pressure, with palladium black catalyst. The catalyst was 
removed from the solvent centrifuging and the super- 
natant shaken air for several hours. some experiments 
the solution was left stand, shallow layer, the dark 
for several days. The products the reaction were taken 
into ether and the spectra determined. Protoporphyrin, 
phaeophorbide and dioxyprotoporphyrin were similarly 
treated. 

When the reaction was carried out acetone, chlorin 
gave small yield porphyrin and still smaller yield 
chlorin. The porphyrin was extracted with HCl and 
returned ether. The spectrum this porphyrin was the 
aetiotype (the four maxima absorption increasing 
strength from the first the red the fourth the blue) 
and the maxima were 623, 568, 526 and 496 mp. 
paper chromatography the system the 
ester the porphyrin ran with 0-8 with slight 
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streaking (mesoporphyrin, 0-77; pyrroporphyrin, 
0-88; protoporphyrin, 0-7). The chlorin had principal 
maximum absorption 646 my. and ran with 0-43 
(chlorin a,, 0-60) the same system. Similar products 
were obtained when ethanol was used solvent, the 
amount 646 my. chlorin being greater. porphyrin and 
only trace the 646 chlorin was obtained when 
acetic acid was used, chlorin remaining. 

Protoporphyrin was converted into mesoporphyrin and 
phaeophorbide phaeoporphyrin all solvents. 

acetone ethanol, hydrogenation converted dioxy- 
protoporphyrin into the leuco compound; oxidation this 
yielded mesoporphyrin. When dioxyprotoporphyrin was 
hydrogenated acetic acid the chlorin-like acid spectrum 
rapidly changed directly that mesoporphyrin hydro- 
chloride. all solvents protoporphyrin and dioxyproto- 
porphyrin yielded small amounts chlorin which 
ether had principal maximum absorption 646 mp. 

Conversion chlorin porphyrin with hydriodic acid. 
Treatment chlorin with according the method 
Fischer (see Fischer Orth, 1940), which involved heating, 
caused total loss the chlorin, porphyrin being obtained. 
carrying out the reaction however, the 
presence great excess HI, porphyrins could ob- 
tained from chlorin without excessive loss material. 
approx. 200 the chlorin 0-5 ml. acetic acid 
atmosphere CO,, 0-1 ml. (sp.gr. 1-94) was added, the 
tube stoppered and placed the dark for hr. Initially 
strong band could seen 630-650 but this slowly 
disappeared, being replaced band After 
hr. there was further increase strength this band. 
The porphyrin was taken into ether over dilute sodium 
acetate, and partially neutralized with the free 
iodine was removed washing with (w/v) sodium 
thiosulphate and the ether washed thoroughly with water. 
this method ether solution with absorption maxima 
646, 626, 575, 534, 502 and 402 was obtained (from 
646 my. was caused the presence chlorin meso-type 
derived reduction the vinyl group chlorin a,. The 
other absorption bands indicated that porphyrin 
aetio-type spectrum had been formed. 

major portion the ether solution was methylated with 
diazomethane. Paper chromatography, 
propanol, the porphyrin esters gave major spot 
0-41, secondary spot 0-26 and faint spot 0-75 
(haematoporphyrin ester, 0-26; protoporphyrin ester, 


Table 


Percentage the 
total porphyrin 
based the 
extinction the 
Soret band 


Wavelength the 
Soret maximum 


(in ether) 
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0-75). This mixture porphyrin esters was chromato- 
graphed alumina column. Elution with ether gave 
rapid-moving (a) and slow-moving fraction. third 
fraction (c) could eluted with methanol. These all showed 
aetio-type spectra. The amount porphyrin each 
fraction was estimated measuring the absorption 
501-503 Fraction contained fractions (a) and 
(c) each, the porphyrin eluted from the column. 
paper chromatography the system the 
major fraction (b) gave strong spot 0-40 and also 
trace haematoporphyrin ester 0-2) and trace 
protoporphyrin ester 0-7). Fraction (a) gave spot 
with 0-7 and secondary spot 0-27, and fraction 
(c) gave spot 0-27 with secondary spot 0-41. 
Fraction (6) was chromatographed alumina. The por- 
phyrin ester eluted with ether from this column, when run 
paper chromatograms moved with 
protoporphyrin haematoporphyrin were seen. Fig. 
shows absorption curve obtained for this porphyrin. This 
porphyrin was still oily and could not crystallized. 

The sample that had not been treated with diazomethane 
was extracted with 0-1, 0-3, 1-0, 2-0, and 10% HCl 
successively. The fractions were returned ether and the 
absorption the Soret maximum was read. 

The porphyrins were then converted into the ester form 
and run paper the kerosene—propanol system. Table 
summarizes the data obtained from this fractionation. 


03 


log (Io/!) 


660 640 620 600 580 560 540 520 500 480 


Wavelength 
Fig. Absorption spectrum the principal porphyrin 
obtained treating chlorin with acid. 
Solvent, ether. 


acid fractionation porphyrins obtained treating chlorin with hydriodic acid 


values and relative 
intensities (>, spots obtained 
paper chromatography 
kerosene—propanol the 
methyl esters* 


0-1 397 0-28 >0-40 
2-0 405 0-40 >0-28 
Residue 405 0-76 =0-28 
Total 


Protoporphyrin, 0-76; monovinylmonohydroxyethyldeuteroporphyrin, 0-40; haematoporphyrin, 0-28 esters). 
These fractions were too small for analysis. 


0-4 
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Comparison the action chlorin and other 
compounds. was necessary use molar ratio 
level was converted into protoporphyrin few 
seconds, and phaeophorbide required few hours for 
complete conversion into phaeoporphyrin a;. When the 
molar ratio was reduced 4:1, hr. was required for 
completion the reaction for both dioxyprotoporphyrin 
and phaeophorbide Chlorin this low molar ratio gave 
detectable porphyrin even when left for several days, but 
some formation the 646 chlorin occurred. 

Because the similarity the principal porphyrin 
obtained from the action chlorin protopor- 
phyrin and haematoporphyrin, study the action 
protoporphyrin low temperatures was made 
molar ratio porphyrin 140:1. After hr. 
porphyrin with aetiotype spectrum and 
maxima 626, 574, 533, 502 mp. 0-40 
together with unaltered protoporphyrin and some haemato- 
porphyrin. This study will reported full elsewhere. 

The spectra obtained for the ‘626 porphyrin from 
chlorin and the behaviour chromatography the 
ester suggested that this porphyrin was either 
monovinylmonohydroxyethyl- monoethylmonohydroxy- 
ethyl-deuteroporphyrin. Granick kindly supplied 
sample monovinylmonohydroxyethyldeuteroporphyrin, 
obtained from mutant Chlorella. The maxima this 
porphyrin ether were identical position with those 
the chlorin and the ‘626 porphyrin 
derived from protoporphyrin. On paper chromatography of 
the ester kerosene—propanol 0-40 was obtained, 

Diazoacetic ester (DAE) The ‘626 
porphyrin from chlorin 
deuteroporphyrin and the ‘626 porphyrin from proto- 
porphyrin were treated with diazoacetic ester for hr. 
70° under nitrogen. ether the product from 
monohydroxyethyldeuteroporphyrin showed small shift 
the absorption band the red end the spectrum towards 
shorter wavelengths (Table 4). The other two porphyrins 
showed detectable shift. 

The diazoacetic ester complexes chlorin and dioxy- 
protoporphyrin and phaeophorbide were treated with 
hydriodic acid molar ratio 140:1. Chlorin gave por- 
phyrin with maxima 626, 574, 533, 501 phaeophor- 
yielded porphyrin with spectrum corresponding 
the DAE compound phaeoporphyrin and dioxyproto- 
porphyrin gave the DAE compound protoporphyrin. 

oxidation the copper complex. Fischer 
Herrle (1937) were able convert number chlorins into 
the corresponding vinyl porphyrin oxidation the 
copper complex. The copper complex chlorin was 
shaken acetic acid for several hours 40°. some 
experiments oxygen was bubbled through the solution. 
formation porphyrin had occurred after several hours. 
The copper complexes dioxyprotoporphyrin and phaeo- 
phorbide similarly treated, also remained unchanged. 


Concentration haemin and protohaemin 
the bacteria 
Since has not been possible obtain crystalline 
material, the specific extinction chlorin cannot 
determined. However, approximation may 
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made utilizing the data published Stern 
and his co-workers (Stern Wenderlein, 1935, 1936; 
Stern 1937; Stern Molvig, 1937; Stern 
Pruckner, 1937), who determined the molar 
extinction coefficients chlorins and related 
pigments. For the principal maximum 
tion these, ranges from 45000 63000. 
these compounds pyrrochlorin appears the 
most closely related chlorin (see Discussion), 
Pyrrochlorin has value 45000 for and 
this has been assumed for the principal maximum 
absorption chlorin a,. Further, has been 
assumed (see Discussion) that crystalline chlorin 
would protochlorin, and the value 566 has 
therefore been used for the molecular weight 
throughout the following calculations. 

spectrum protoporphyrin and related porphyrins 
neutral solvents, chlorin preparations 
tions all absorption 576 taken being due 
protoporphyrin 653 0-04 times that 
absorption 653 my. due chlorin a,. 
measured lem. layer, the concentration 
Quantitative determination the bacterial haemins 
was carried out taking the haemins extracted 
from the bacteria into acetic acid, without prior 
separation from lipids, and removing the iron from 
the haemins previously described. Measurements 
were made ether 653, 633, 576 and 503 

the basis the molecular weight assumed for 
chlorin a,, Aero. aerogenes contained mg. 
haemin and mg. protohaemin/100 dry 
weight cells. The amounts the haemins ob- 
tained depended the degree aeration and 
length incubation the culture. Table shows 
the relation between the ratio the 
molar ratio protoporphyrin chlorin obtained 
removal iron from the haemins, well 
other ratios (see above) which 
depend this ratio. thus appears possible 
estimate roughly the haem a,/protohaem ratio from 


Haemin and chlorin from other organisms 


Az. vinelandii cells harvested hr. showed 
cytochromes The cells were extracted 
described for Aero. aerogenes. The haematins 
ether washed with HCl gave value 0-96 for 
haem ratio approx. Haemin was separated 
from the mixture haemins chromatography 
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silica gel. From this chlorin was obtained, 
identified its spectrum neutral and acid 
solvents and paper chromatography 
ester. 

Esch. coli and vulgaris cells harvested hr. 
showed band due cytochrome a,. fraction- 
ation the haemins, haemin a,, and from this 
chlorin a,, were obtained. Bact. subtilis, Bact. 
mycoides and Ps. pyocyaneus, the cytochrome 
band was very weak, but small amounts haemin 
could obtained fractionation the haemins. 
cytoehrome could seen Torulopsis utilis 
cells. band could detected 603 mp. 
examination the acid haematins, nor was any 
chlorin found removal iron from the haemins. 

Anaerobic cultures. Aero. aerogenes, Esch. coli and 
vulgaris when grown anaerobically showed 
cytochromes. trace protohaemin but 
haemin was extracted from these bacteria (30 
dry weight cells). trace coproporphyrin was 
found extracting the culture with ether 
3-2. 

Free chlorin and porphyrin present bacterial 
cells. Small amounts chlorin, maxima 
absorption 668 and 500 and protoporphyrin 
were found the HCl washings the ether 
solution crude haemins. the haemins were not 
extracted with HCl, the chlorin was found run 
with the yellow-lipid fraction silica-gel chromato- 
graphy the haemins. Extraction the cells with 
neutral acetone yielded small amounts the 
chlorin and porphyrin, and none could found 
the HCl washings the haemins subsequently 
extracted from the cells with acid—acetone. 

The amount this tree chlorin and porphyrin was 
always small, but was greater cells from cultures 
that had been incubated for several days from 
cultures where aeration had been too vigorous, 
resulting poor yields cytochrome 

Haemin Aero. aerogenes. The presence 
haem this organism was demonstrated 
partitioning crude haemin preparations between 
ether and buffer (see Rawlinson 
Hale, 1949). Haemin remained the ether phase 
and haemin went into the aqueous phase together 
with protohaemin. Haemin was identified its 
conversion into the pyridine haemochrome and into 
the porphyrin. 


DISCUSSION 


Agreen haemin which has been shown the iron 
complex hitherto undescribed chlorin has been 
from various bacteria, all which con- 
tained cytochrome a,. The yield this haemin was 
the intensity the 630 band the 
reduced cytochrome, and the haemin was never 
present extracts from cells which did not show 
the band a,. Further, apart from 
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protohaemin from cytochrome 6,, and small 
amount haem from cells which showed strong 
cytochrome band, other haemins were found. 
The green haemin could only extracted from the 
bacterial cells solvents containing acid, and this 
evidence for the assumption that the haemin 
linked protein situ. concluded that this 
haemin the prosthetic group cytochrome and 
designated haemin a,. 

The position the principal maximum 
absorption the pyridine haemochrome lies 
towards the blue end the spectrum compared 
with the absorption band reduced cytochrome 
(630 that the ferrous cyanide compound 
haemin compared with the position 
the absorption band the reduced cyanide com- 
pound cytochrome (636 The shift found 
for the pyridine haemochrome similar magni- 
tude that found for pyridine haemochrome 
(587 relative the band reduced cyto- 
chrome but greater than that for 
pyridine protohaemochrome (557 and 527 
relative the bands cytochrome (566 and 
528 and pyridine mesohaemochrome (547 and 
528 relative reduced cytochrome (550 and 
Legge, 1949) that the position the absorption 
bands the compound formed haem with 
varies considerably according the 
particular protein used. The small shift found for the 
latter two cases does not therefore invalidate the 
assumption that the degree shift observed for 
pyridine haemochrome and for the cyanide 
compound haemin a,, can ascribed the 
replacement the apoprotein cytochrome 
different nitrogenous base rather than de- 
gradation the group. 

Though has been possible obtain considerable 
purification haemin a,, protohaemin and lipid 
impurities are still present the best preparations. 
several methods purification, chromatography 
silica gel, which has been treated with aqueous 
methanol modify its adsorptive properties, has 
provided the purest haemin. 

chromatography the free chlorin silica- 
gel columns followed countercurrent distribution 
between organic solvents and hydrochloric acid 
fractionation has been possible obtain chlorin 
with only trace remaining porphyrin impurity. 
Despite these methods and even after precipitation 
from benzene the chlorin still oily nature. Like 
the haemin, chlorin lipophilic and tends 
fractionate according the partition properties 
certain accompanying free lipids. 
photometric analysis and further fractionation 
the eluted material has been shown that chlorin 
the presence lipids can associate with por- 
phyrins form complex which behaves single 
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entity paper chromatography the methyl 
esters. Thus cannot assumed that spot 
given value represents pure chlorin where 
lipids are present. 

reintroduction iron into the chlorin 
obtained from haemin restores the spectrum 
the haemin and its compounds, may taken 
that alteration the nucleus the side chains 
has occurred during removal the iron. 

the spectra the chlorins and related pigments 
given Fischer Orth (1940) only those meso- 
acid) and pyrrochlorin 
acid), Fig. 
approach that chlorin respect the position 
the absorption bands (Table 6). The porphyrin 
obtained catalytic hydrogenation and reoxida- 
tion chlorin closely resembles mesoporphyrin 
neither the slight difference from mesoporphyrin 
the position the maxima, nor the value 
the ester, would appear prove difference. 

Pyrrochlorin ester runs with much higher 
value than chlorin paper chromatography, and 
pyrroporphyrin ester gave significantly higher 
value than did the methyl ester the porphyrin 
obtained from chlorin catalytic hydrogenation. 
Thus certain that chlorin not pyrrochlorin. 

The porphyrins obtained catalytic hydrogena- 
tion and acid treatment chlorin 
are evidence also that this not rhodo- 
chlorin (CO,H position the tetrapyrrole 
ring). Further, rhodochlorin ester runs with 
much higher value than does chlorin paper 
chromatography. 

The absorption band the haemin meso- 
chlorin 600 my. (haemin a,, 603 and that 
the copper complex mesochlorin 613 
(copper complex chlorin a,, 613 This 
further evidence that chlorin closely related 
mesochlorin. 

The question arises whether chlorin true 
chlorin, with two extra hydrogens one the 
pyrrole rings, ‘dihydroxychlorin’, with two 
groups this position. The ‘dihydroxy- 
chlorins’ prepared Fischer (see Fischer Orth, 
1940) have principal maximum absorption 
which removed approximately further 
into the red end the spectrum, compared with 


BARRETT 


1956 
that the corresponding true chlorins. 
unlikely that chlorin compound this type 
since the position the principal maximum 
absorption chlorin only further 
towards the red than that mesochlorin, and this 
shift can accounted for the presence chlorin 
vinyl group (see below). Further, the be- 
haviour the methyl ester chlorin paper 


Fig. Possible structural formulae for chlorin and those 
for certain related chlorins and porphyrins. 


Substituents positions 


Mesochlorin 
Pyrrochlorin 
Rhodochlorin 
Porphyrin series 
Protoporphyrin 
Mesoporphyrin 
Haematoporphyrin 
ethyldeuteroporphyrin 


Abbreviations: methyl; ethyl; vinyl; HE, 


hydroxyethyl; hydrogen; CB, carboxylic acid; 


propionic acid. 

These contain two extra hydrogens, conventionally 
placed positions and the tetrapyrrole ring. 

relatively non-polar carboxylic acid. 


Table Position the maxima absorption certain chlorins 


Wavelength the maxima absorption 


Compound 
Chlorin 598 
Pyrrochlorin* 652 597 
Mesochlorin* 644 591 
Mesopyrrochlorin* 642 589 


= 

Solvent 
534 503 Dioxan 

523 491 Dioxan 

522 490 
518 487 Dioxan 


From Fischer Orth (1940). 


P 


Vol. 


chromatography, and the difficulty with which this 
chlorin reacts with hydriodic acid, argue against the 
pyrrole rings. 

Substituents the methine bridges the tetra- 
pyrrole ring may ruled out from consideration 
the porphyrins obtained catalytic hydrogena- 
tion and hydriodic acid treatment chlorin 
Neither the methods used would remove side 
chain, except group, from this position. 
The presence hydroxyl group unlikely, 
both dioxyprotoporphyrin (see Fischer Bock, 
1938) and dioxymonovinylmonohydroxyethyldeu- 
teroporphyrin have their principal maxima 
absorption well within the red region the spectrum 
669 and 661 respectively. 

has been shown that chlorin does not possess 
carbonyl formyl group, but that least one 
group present. The residual lipid impurities, 
which from their ultraviolet spectrum appear 
highly unsaturated, have prevented determination 
the number vinyl groups quantitative 
hydrogenation. Fischer (see Fischer Orth, 1940) 
prepared the diazoacetic ester complex number 
chlorophyll derivatives containing vinyl group. 
The shift the blue the principal maximum 
absorption the diazoacetic ester compound 
ranges from These values are for chlorins 
with single vinyl groups, divinylchlorins having 
yet been synthesized. 

comparison the position the principal 
maximum absorption various and 
chlorin-like compounds with that their meso form, 
ethyl instead vinyl group, shows shift 
10-13 the biue saturation the vinyl 
group. catalytic hydrogenation highly 
purified chlorin new chlorin with its principal 
maximum absorption 645-646 has been 
obtained one the products. The shift the blue 
only Since this chlorin could have arisen 
only from chlorin can assumed that 
meso form chlorin a,. The combined evidence 
the spectral shift obtained formation the 
diazoacetic ester compound and hydrogenating 
chlorin favours the assumption that only one 
vinyl group present chlorin 

The spectrum and chromatographic behaviour 
the principal porphyrin obtained treatment 
chlorin with acid very similar to, 
not identical with, that monovinylmonohydroxy- 
ethyldeuteroporphyrin isolated Granick from 
mutant Chlorella. The failure demonstrate 
the presence vinyl group the former por- 
phyrin suggests, however, that ethylhydroxy- 
ethyldeuteroporphyrin. similar porphyrin was 
obtained the action hydriodic acid proto- 
porphyrin under the same conditions. evident 
that formation hydroxyethylporphyrin precedes 
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the formation haematoporphyrin under the 
specific conditions these experiments, and this 
suggests that the group not present 
chlorin itself. 

summarize, can concluded that chlorin 
true chlorin corresponding protopor- 
porphyrin with only one vinyl group 
such monovinylmonoethyldeuteroporphyrin or, 
less likely, monovinylmonohydroxyethyldeutero- 
porphyrin. Either isomerism even replacement 
some alkyl groups others not excluded. 

The value obtained for free chlorin 
system ismidway between that for monocarboxylic 
and that for dicarboxylic chlorin. not known 
whether this system lipid impurities could modify 
values such extent. Treatment chlorin 
with acid and alkali did not alter the values 
obtained paper chromatography result the 
further separation lipid. This evidence against 
the presence esterified side chain. possible 
that one the side chains chlorin relatively 
non-polar acid. 

The ability the ester chlorin run 
kerosene—chloroform and trichloroethylene solvent 
systems contrasts with its strong adsorption 
alumina magnesium oxide columns, from 
which the chlorin can removed only 
acetone. The methyl ester dioxyprotoporphyrir 
(with two hydroxyl groups the methine 
bridges), monovinylmonohydroxyethyldeuteropor- 
phyrin (with one hydroxyethyl side chain) and 
haematoporphyrin (with two hydroxyethyl side 
chains), all which have lower values than 
chlorin ester paper chromatography 
these systems, may readily eluted from alumina 
with ether chloroform. The presence 
groups the chlorin would not, therefore, alone 
account for its behaviour alumina columns. 
Mesochlorin was found run these columns, 
that the reduction one the rings the tetra- 
pyrrole nucleus would not seem sufficient explain 
the strong adsorption. possible that the 
adsorption due lipid side chain free 
lipid with which chlorin has formed complex. 
Indeed the fraction eluted with acid—acetone 
fatty, and some lipid can separated from the 
chlorin subsequent partition between ether and 
hydrochloric acid. 

When partition the haemins between ester and 
acid buffer was carried out, 
haemin accompanied protohaemin into the 
aqueous phase, which contrasts with the behaviour 
haemin Further, when, the present work, the 
method Kiese Kurz (1954), which haemin 
may separated from protohaemin, was applied 
the haemins from Aero. aerogenes, separation 
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haemin from protohaemin was effected. These 
partition properties haemin suggest that 
unlikely that this haem possesses long-chain 
alkyl group such has been demonstrated 
present haem (Warburg Gewitz, 1953), but the 
presence side chain which may give rise 
the formation complexes between haem 
chlorin a,, and certain lipids, not excluded. 

The principal porphyrin obtained after hydriodic 
acid treatment chlorin closely resembles 
porphyrin which has been found very small 
amounts some preparations chlorin a,. The 
possible identity those two porphyrins raises the 
question whether the latter porphyrin artifact 
produced hydroxylation one the vinyl 
groups protoporphyrin whether arises 
through removal from chlorin the two extra 
hydrogens. attractive hypothesis that the 
presence unsaturated lipids responsible for the 
dehydrogenation, fatty acid peroxide being the 
active agent. 

For the purpose determining approximately 
the amount haem bacterial cells has been 
assumed that the molar extinction chlorin 
would similar that other true chlorins. The 
molar ratio chlorin protoporphyrin obtained 
removal iron from crude haemin preparations 
was found vary with the intensity the 630 
band reduced cytochrome relative that the 
band reduced cytochrome the bacterial 
cells. the basis the ratios obtained, cells with 
the strongest cytochrome band have ratio 
cytochrome cytochrome 1:4, and those 
best synthesis has been found 
occur under conditions moderate aeration. This 
has also been found Moss (in preparation), who 
has been able measure accurately the oxygen 
tension the medium during growth the 
bacteria. 

Because the structural similarity meso- 
chlorin chlorin should possible use the 
extinction coefficients the haemin meso- 
chlorin for estimations haemin with the haemin 
spectra directly. This would avoid the difficulties 
associated with removal iron from the haemins. 


SUMMARY 


green haemin has been obtained from 
Aerobacter aerogenes and several other bacteria, all 
which contained cytochrome a,. The yield this 
haemin was related the intensity the 630 
band cytochrome 

This haemin was partially purified, but its 
lipophilic nature and the similarity its side chains 
those protohaemin made complete separation 
from lipids protohaemin difficult. 
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The spectroscopic properties this haemin 
and its ferrous, carbon monoxide, cyanide and 
pyridine compounds have been examined. These are 
consistent with the view that this haemin the 
unaltered prosthetic group 

Removal iron from haemin yielded new 
chlorin. This was highly purified, but still remained 
oily nature. 

The chlorin ether has principal maximum 
absorption 653 and three lesser maxima 
598, 573 and 503 The Soret band 405 
hydrochloric acid the chlorin has its principal 
maximum 630 but this shifted 647 

ester was carried out various solvent systems and 
its behaviour compared with other chlorin-like 
pigments and with certain porphyrins. 

Chlorin was shown possess least one 
vinyl side chain. The presence 
group could not demonstrated. 

The chlorin has been converted into por- 
phyrin (a) catalytic hydrogenation and reoxida- 
tion, (b) the action hydriodic acid. The principal 
porphyrin obtained the action hydriodic acid 
was similar to, but not identical with, 
monohydroxyethyldeuteroporphyrin. The porphy- 
rin obtained catalytic hydrogenation was 
similar to, not identical with, mesoporphyrin. 

The experimental evidence discussed, and 
concluded that chlorin chlorin correspond- 
porphyrin possessing hydroxyethyl side 
chain. 

10. molar extinction for chlorin based its 
similarity certain other chlorins was assumed. 
From this value the molar ratio haemin 
protohaemin has been for the haemins 
extracted from bacteria different cytochrome 
and content. 

wish thank Lemberg, F.R.S., for suggesting 
this problem me, and for his continued encouragement 
and advice. should like thank colleagues 
Morell, Mrs Judith Rigby and Lockwood for 
helpful discussions during the course this work. 
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Non-Enzymic Browning: the Reaction between 
and Glycine the ‘Dry’ State 


RICHARDS 
The Dairy Research Institute (N.Z.), Palmerston North, 


New Zealand 


(Received March 1956) 


The interaction between amino acids protein and 
reducing sugars has been shown the cause 
much the browning that occurs during the manu- 
facture and storage dried foods (cf. reviews 
Stadtman, 1948; Danehy Pigman, 1951) and 
consequently much research has been done the 
reaction. Many the investigators, however, have 
conducted the experiments aqueous solution 
elevated temperatures, that they have used 
experimental conditions similar those Maillard 
(1912). Under these conditions large number 
compounds are formed (Chichester, Stadtman 
Mackinney, 1952) and becomes difficult decide 
which are intermediates the browning and which 
are products side reactions. Also these conditions 
for the reaction are very different from those found 
has been shown, however, (Gott- 
amino 


is, 


dried foods. 
schalk Partridge, 1950) that mixtures 
acids and simple sugars under ‘dry’ conditions, i.e. 
low moisture content and lower temperatures, 
turn brown and yield chromatographically re- 
latively simple mixtures. These mixtures contain 
new compounds with the colour reactions both 


amino compound and, more weakly, 
their evidence Gottschalk Partridgé (1950) 


suggested structure for the compounds. Other 
workers (cf. Hodge, 1953) consider such inter- 
Amadori rearrangement initially formed 
N-substituted glycosylamine. 

The present investigation concerned with the 
interaction between simple sugar (D-glucose) and 
amino acid (glycine) 6-7 atmosphere 
70% relative humidity 37°, conditions which 


approximate those which might found during 
the tropical storage foodstuffs. 


Chromatography. the following experiments, sheet- 
paper partition chromatography was done the descending 
method (Partridge, 1948) Whatman no. filter paper. 


values were given with 
(40:11:19, vol.) the mobile phase. The chromatograms 
were run for about hr., dried and then sprayed with one 


the following reagents: (a) ammoniacal silver nitrate 
(Partridge, 1948) (b) aniline hydrogen phthalate (Partridge, 
1949); (c) butanol (Forsyth, 1948) and 
modifications; 0-2% ninhydrin wet butanol; (e) the 
Elson Morgan reagent for glycosylamines modified for 
use spray (Partridge, 1948); (f) alkaline ferricyanide 
solution followed min. later ferric reagent (Borsook, 
Abrams Lowy, 1955). sprays were used the 
papers were then heated. 
5-Hydroxymethylfurfuraldehyde. This compound 
prepared according Haworth Jones (1944). 


was 


Examination the reaction between 
and glycine 


Equal volumes and glycine were 
mixed and brought 6-7 with HCland NaOH. Portions 
ml.) were transferred specimen tubes, dried 20° 
vacuum desiccator, equilibrated relative humidity, 
and then, still the same atmosphere, held 37°. 
intervals two samples were removed, one for chromato- 
graphic and one for spectroscopic examination. 

Chromatographic examination. The first sample, which was 
taken after days heating, had amber colour when 
dissolved water ml.). samples taken longer time 
intervals the colour was progressively darker until 
weeks the solution was almost black. Chromatography 
revealed the presence only one additional compound 
0-11) apart from brown material which did not move 
from the base-line. The quantity the compound having 
0-11 was small after days that was barely detect- 
able paper chromatograms, but days was present 
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gave only weak reaction with the ammoniacal silver 
nitrate and aniline hydrogen phthalate sprays but with the 
ninhydrin spray gave very strong yellow spot which after 
few minutes changed the usual violet colour given 
glycine. With the spray the compound gave 
weak purple colour but the Seliwanoff test and modifica- 
tions (see later) were negative. Spray gave strong blue 
spot the cold. 

Spectroscopic examination. spectrum the second 
sample 1000-fold aqueous dilution was determined 
Beckman spectrophotometer cm. cell (see Fig. 1). 

Separation the reaction mixture. 
Glucose (45 g.) and glycine g.) were dissolved water and 
brought 6-7 with HCl and NaOH and evaporated 
dryness vacuum desiccator. The mixture was then 
equilibrated 70% relative humidity and held that 
humidity 37°. After days the reaction mixture was 
dark brown. was dissolved water and slowly added 
(72-100 mesh The column was then exhaustively 
washed with water. The eluate and washings contained only 
glucose and brown material with zero value. Ammonia 
solution was then slowly added the column and the 
eluate collected automatic fraction cutter. The frac- 
tions containing only the compound having 0-11 were 
combined, concentrated under reduced pressure, shaken 
with activated charcoal, filtered and finally taken dryness. 
The compound (0-45 g.) was further purified chromato- 
graphic separation bands sheets Whatman no. 


filter paper. 


out, eluted 
this way the compound having 0-11 was obtained 
chromatographically pure judged its migration 
three solvents. could slowly the sodium 
salt, which was submitted for infrared examination. 

mixed fraction with glycine followed the above com- 
pound off the resin column and then fraction which 
chromatographic examination contained only glycine, 
characterized 2:4-dinitrophenylglycine, m.p. and mixed 


m.p. 201°. 
Properties the compound having 0-11 


Infrared examination. Nujol (liquid paraffin) mull the 
sodium salt the compound having 0-11 was prepared, 
and the infrared spectrum this mull was recorded 
the frequency range 4000-650 (see Table with 
Model infrared spectrophotometer 
equipped with sodium chloride optics. 

Products formed treatment with acid. The compound 
(30 ml.) sealed hydrolysis tube 
were heated boiling-water bath for hr. The mixture 
was then neutralized with barium carbonate and the pre- 
cipitate removed centrifuging. Paper-chromatographic 
analysis showed the presence unchanged material 
0-11), compound with the same (0-15) and giving the 
same colour reaction with ninhydrin glycine, and also 
compound 0-8, with the same colour reactions with 
aniline phthalate and resorcinol 
furfuraldehyde. 

ensure more complete acid breakdown the experiment 
was repeated with reaction time hr. The neutralized 
mixture, which contained the same products those ob- 
tained with shorter reaction time, was concentrated and 
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then separated sheet-paper chromatography Whatman 
no. paper. The strips containing the compounds were 
cut out and the compounds were eluted with water. 

the fraction (2-5 ml.) containing the compound 
0-15 was added sodium bicarbonate (0-2 g.) and solu- 
ml.). The mixture was stirred for 1-5 hr., concentrated 
and then extracted with ether. When the aqueous solution 
was acidified oil separated which did not crystallize. The 
oil was extracted with ether, dissolved and 
streaked Whatman no. filter paper and developed 
with the organic phase (4:1:5, 
vol.). The band corresponding 
glycine was cut out and extracted with ether. The extract 
crystallized from water fine needles, having m.p. 197°, 
undepressed admixture with genuine 2:4-dinitrophenyl- 
glycine. 

The compound having 0-8, addition having 
identical and colour reactions, had the same 
absorption spectrum (principal maximum 285 
water) genuine 5-hydroxymethylfurfuraldehyde. 

Preparation from the compound. The 
compound (75 mg.) was treated the usual way form 
osazone (35 mg.) which had the characteristic crystalline 


oO 


> 


Optical density 


500 


400 
Wavelength (my.) 


200 300 


Fig. Changes with time absorption curves brown 
mixture obtained the interaction with 
glycine 6-7, 37° and 70% relative humidity. 


Table Periodate oxidation the having 
0-11 formed reaction between glucose and 
glycine 


Periodate Formic acid 
Time uptake released 
(hr.) (mol.prop.) (mol.prop.) 
4-42 2-78 
4-55 
2-96 
168 4-79 3-01 


strips containing the compound were cut 
Week, 
| 
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form glucosazone, and m.p. 203°, not depressed Table Effect the decomposition 
admixture with genuine D-glucosazone. 
Periodate oxidation. The compound was 
dissolved water (50 ml.) and ml. portions were taken. Optical density 102) 350 
each was added sodium metaperiodate ml.) and after days 37° 
the reaction mixtures were left the dark room temper- 
The titration with 0-01N iodine determine the amount 
titration 12-5 ml. 0-01N iodine. Similar oxidation 120 115 121 122 
another portion with sodium metaperiodate ml.) 
gave formic acid, which was determined titration with 
97° (see Table 1). Similar oxidation another 
portion gave formaldehyde, identified the dimedone 008 
m.p. 186° (Bell, 1948). 
ring Tests for hexuloses. The Seliwanoff test was carried out 
modified for chromatography (Bryson Mitchell, 1951); 
(3) ethanol saturated with HCl gas; and finally (4) 
The modified Roe (Dische, 1955). Tests (2) and (3) were 
conducted paper chromatograms. all the modifica- 
tions the reagent gave negative test with the compound 
but strong positive reaction with fructose. The test with 
and phosphoric acid was carried out spraying 002 
the compound with 10:1 (v/v) mixture ethanolic 
and phosphoric acid. This test also was negative 
for the compound but gave strong positive reaction with 
fructose. The test with stannous chloride, H,SO, and urea 100 
(Feigl, 1947) was also negative. The compound gave Relative humidity (%) 
negative test when sprayed filter paper with saturated 
solution 2:4-dinitrophenylhydrazine Fig. Effect relative humidity the decomposition 
(100:1, v/v). Under the same conditions fructose gave 6-7 and the compound having 0-11. 
orange spot room temperature. Measurements optical density (350 aqueous 
Tests for reducing power. dilute solution the com- solution. 
035 
016 
012 
= vo 
with 
and 
Time 37° (days) 


200 300 400 500 


i 9 are iti 


and 70% relative humidity the compound having 
0-11 formed the reaction between glucose Changes with time absorption curves brown 


glycine under ‘dry’ conditions. Measurements optical mixture obtained decomposition 37°, 6-7 and 
density (350 my.) aqueous solution. relative humidity the compound having 0-11. 
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added few crystals o-dinitrobenzene. The solution 
turned purple about min. The compound decolorized 
Fehling’s solution room temperature. The test involving 
the reduction ferricyanide and the conversion the 
ferrocyanide into Prussian blue room temperature 
al. 1955) gave strong positive reaction. 

Effects temperature, pH, and relative humidity. The 
compound was dissolved water and 
portions this solution were brought 6-7, and 
respectively with HCl and NaOH. The volumes these 
solutions were adjusted with water and portions containing 
mg. the compound were transferred small tubes and 
freeze-dried. 

Samples adjusted 6-7 were stored air-tight jars 
over mixture producing relative humidity 
70% 0°, 22°, 37° and 55° respectively. intervals 
tubes were removed, the contents were dissolved water 
(10 ml.) and their absorption spectra were measured 
cm. cell (see Fig. 2). 

air-tight jar over mixture producing 
relative humidity 70% 37°. The colour developed was 
measured above (see Table 2). 

Samples adjusted 6-7 were stored 37° over 
mixtures producing relative humidities 
20, 50, and The colour developed was measured 
above (see Fig. 3). 


Isolation brown material 


The eluate from the Amberlite 100 column containing 
only glucose and brown material with zero value (see 
above) was concentrated and then dialysed against running 
tap water until paper chromatography revealed only the 
brown material which did not move from the base-line. ‘The 
solution was dialysed against distilled water and then con- 
centrated under vacuum below 40°. The concentrate was 


0-4 


Optical density 


200 500 


300 400 
Wavelength (my.) 


Fig. Absorption curve aqueous solution brown 
polymer formed the reaction between glucose and 
glycine the ‘dry’ state. 
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dried black glass vacuum desiccator. This was 
completely soluble water, which ultraviolet light 
gave strong bluish green fluorescence (see Fig. 5). 

The polymer g.) was dissolved ml.) and 
heated boiling-water bath for hr., neutralized with 
barium carbonate, centrifuged, concentrated, and then 
examined paper chromatography. The ninhydrin spray 
revealed two faint blue spots having values 0-18 and 
0-04, and also strong purple spot, migrating with glycine 
0-14). The aniline phthalate spray revealed faint brown 
spot identical with glucose 0-24). 


DISCUSSION 


The reaction between D-glucose and glycine under 
‘dry’ conditions has been followed both spectro- 
scopic and chromatographic analysis. the 
reaction mixture slowly turned brown colour 
strong absorption developed the near ultraviolet 
with decreasing absorption con- 
tinuing into the visible. The maximum close 
but that compound could not detected 
chromatography. The continuing absorption into 
the visible can explained the absorption the 
brown polymer (see Fig. 5). probable then that 
the absorption band that the Schiff’s 
base 5-hydroxymethylfurfuraldehyde, postu- 
lated Gottschalk Partridge (1950), which then 
can form brown polymers. 

The chromatographic analysis revealed addi- 
tion the reactants only the compound having 
0-11, which was isolated, and the brown polymer, 
which did net move from the base-line. The com- 
pound 0-11 was isolated displacement 
chromatography ion-exchange resin. was 
chromatographically pure and could very slowly 
crystallized, but because its instability was not 
obtained form suitable for elementary analysis. 
its general properties the compound seems very 
similar the intermediate isolated from the 
browning dehydrated carrot (Wager, 1955) and 
that isolated from liver (Borsook al. 1955). has 
properties such very strong reducing power, acid 
breakdown glycine and 5-hydroxymethylfur- 
furaldehyde rather than acid hydrolysis, and the 
given with p-dimethylaminobenzaldehyde 
after pretreatment with acetylacetone, all which 
have been used indications 
hexuloses (Gottschalk, 1952; Hodge, 1953) formed 
Amadori rearrangement. However, Amadori 
rearrangement compounds give positive colour 
reactions for ketoses and form hydroxylamine 
derivatives (Kuhn Weygand, 1937; Gottschalk, 
1952) and the compound 0-11 did not give any 
ketose reactions although many tests were tried. 

Certain structural evidence emerges from the 
experimental work. The glycine moiety bound 
into the new compound virtually unchanged, for 
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H—C—OH H—C—( 
H—C 
CH,OH CH,OH CH,OH 
CH——CH Brown compounds 


C.CH:N.CH,.CO,H 


readily released from with acid treatment, and 
under some conditions, even standing. The 
yellow colour first given with ninhydrin con- 
sistent with —NH group (cf. proline). The pre- 
paration from the compound 
shows that its reducing and amino functions are 
the first two carbon atoms and that the configura- 
tions the lower four carbon atoms are identical 
with those glucose. The release three molecular 
proportions formic acid and the release formal- 
dehyde oxidation sodium metaperiodate 
confirm the presence this tetrahydroxybutyl 
group but not differentiate between carbonyl 
and hydroxyl group C-2. The periodate 
oxidation does, however, demonstrate that the com- 
pound straight chain and not ring form. 

These findings are best explained the scheme 
Gottschalk Partridge (1950). This scheme 
envisages the reaction glucose (I) with glycine 
pass probably way the N-glucosylamine 
although that compound was not detected, the 
compound (III) which the enolic form 
(carboxymethyl)amino-1-deoxyfructose. The tauto- 
meric equilibrium must almost completely 
favour the enol ketose reactions were 
observed under variety conditions. The inter- 
mediate (III) can then pass under suitable condi- 
tions through the Schiff’s base 
furfuraldehyde (IV) either brown polymers 
and glycine. 

The allocation structure further sub- 
stantiated study the infrared spectrum the 
compound (see Table 3). The peaks found can 
tompared with those expected the 1500 
region for structure (III) and for the 
structures (VI) and (VII) (Bellamy, 
1954). 


(V) 
Table Infrared spectrum the compound 
having 0-11 
Abbreviations: br, broad; moderate strength; 
strong; sh, sharp; very; weak. 


Peak frequencies corrected) 


A 


1192 862 
3160 vs, 1127 829 
1626 1100 780 
1298 985 660 
1260 929 
1213 909 
HO—C—H 
H—C—OH 
CH,.OH CH,.OH 
(VI) 
1725-1705 


Although the presence peak does not prove 
that particular grouping present compound, 
the absence peak conclusively proves the 
absence that grouping. Thus the peaks 1549 
41-2 
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and the spectrum the compound 
rule out structure (VI), because the C:N stretching 
1670 absent, and rule out structure 
because the simple ketone peak 1724 not 
present. The peak 1626 would not given 
substance the pyranose form. The presence 
this peak the spectrum confirms chemical 
evidence that the compound does not occur the 
pyranose form. 

Although the peak expected 
structure (IIT) not present the group adjacent 
the double bond could decrease the frequency, and 
there definite information upon the 
frequency the double bond 
this could 1626 The —NH stretching peak 
expected from structure present. 

the three structures the spectrum excludes 
(VI) and (VII) and compatible with 
structure 

That the compound isolated these experiments 
indeed intermediate the ‘browning’ 
reaction can seen from the study its 
tion under varied conditions. self-browning 
and the rate browning increases rapidly with 
temperature (see Fig. and strongly influenced 
water content (see Fig. 3), showing maximum 
water contents corresponding relative 
humidity about 70%, and falling away low 
values very low and very high water contents. 
The influence not clear, perhaps because 
the recorded that the solutions from which 
were prepared the samples for browning (in equi- 
librium with 70% relative humidity), and the signifi- 
doubtful. However, the results show slower 
initial rate browning under acid conditions and 
increases with increasing pH. The self-browning 
this compound thus influenced the same way 
the browning reaction (Lea Hannan, 1949). Also 
the spectrum its decomposition products very 
similar that the browning reaction (compare 
Figs. and 4). 


SUMMARY 


The reaction between D-glucose and glycine 
the ‘dry’ state 37°, 6-7 and 70% relative 
humidity has been studied chromatographically 
and spectroscopically. intermediate appeared 
which gave the colour reactions both sugar and 
amino acid. 

The intermediate has been isolated chromato- 
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graphically pure from the reaction mixture 
displacement chromatography ion-exchange 
resin. very strongly reducing but not 
ketose. Glucosazone can formed from it. 
oxidation with sodium metaperiodate released 
three molecular proportions formic acid and also 
formaldehyde. treatment with acid gave 
5-hydroxymethylfurfuraldehyde and glycine. 

The infrared spectrum the sodium salt 
the intermediate consistent with that expected 
for the sodium salt the enolic form N-(carboxy- 

this evidence the intermediate has been 
formulated the enolic form 
with the tautomeric equi- 
librium completely favour the enol. 

The compound has been shown true 
intermediate the ‘browning’ reaction. 


The author wishes thank McDowall for his 
interest this work, McDonald for the determina- 
tion and interpretation the infrared spectrum and the 
New Zealand Defence Science authorities for award. 
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Effects Thyroid Hormones vitro Tissue Respiration, 
Oxidative Phosphorylation and the Swelling Mitochondria 


DICKENS DORRIT SALMONY 
Courtauld Institute Biochemistry, Middlesex Hospital Medical School, London, 


(Received February 1956) 


Recently (Salmony, 1956) was shown that certain 
synthetic oestrogens, and some chemically closely 
related compounds, are able evoke remarkable 
increase yeast-cell respiration the type first des- 
cribed for (stilb- 
destrol) (1953a). This effect was shown 
(Salmony, 1956) associated with the ability 
such compounds bring about the uncoupling 
oxidative phosphorylation mitochondrial pre- 
parations and also with their inhibitory action 
the adenosine triphosphatase activity myosin. 

Since 1951 has been recognized that thyroxine 
another hormone which able inhibit oxidative 
phosphorylations (Lardy Feldott, 1951; Martius 
Hess, 1951) and the physiological effects this 
hormone have been attributed some authors 
this property. The subject has recently been ex- 
tensively reviewed (Lardy Maley, 1954; Hoch 
Lipmann, 1954; Martius, 1956). interesting 
difference between the action the synthetic 
oestrogens and thyroxine that whereas the 
depression the P/O ratio the former occurs 
without any appreciable lag period (Salmony, 1956), 
thyroxine, effective, requires preliminary 
contact with the mitochondria for considerable 
periods (usually min. 0°; Martius Hess, 
1951; Klemperer, 1955). This delayed effect has 
been considered analogous the well-known 
lag period the metabolic action thyroxine the 
whole animal. 

Harington Pitt-Rivers (1952) have synthesized 
the analogue which the alanine 
side chain replaced acetic acid residue 
phenylacetic acid; tetraiodothyroacetic acid 
tetrac). The similar derivative corresponding 
triiodothyronine (triiodothyroacetic acid triac) 
has been synthesized Pitt-Rivers (1953), who 
demonstrated the thyroid-hormone activity vivo. 

Thibault Pitt-Rivers reported that 
these new compounds have immediate metabolic 
effect vivo. Further, they describe rapidly 
occurring increase the rate oxygen uptake 
rat-kidney slices exposed the action these two 
acetic acid derivatives; large increases 
were observed, which persisted for about 
30min. and thereafter gradually diminished 


(Thibault Pitt-Rivers, This effect was not 
produced either thyroxine triiodothyronine, 
except after extraordinarily long contact (up 
days) with kidney slices (Thibault Pitt- 
Rivers, 1955a, b). 

Through the kindness Pitt-Rivers 
supplying with the acids, were 
able investigate their action oxidative phos- 
phorylations rat-liver mitochondrial prepara- 
tions. her request, also attempted confirm 
the experiments kidney slices Thibault 
Pitt-Rivers b), but without success. the 
other hand, were able observe uncoupling 
mitochondrial oxidative phosphorylations the 
presence these new substances and this action, 
unlike that thyroxine and triiodothyronine, was 
instantaneous. 

Cleland (1952) showed that when sarcosomes are 
suspended isotonic buffered saline, the optical 
density the suspension slowly decreases, owing 
the swelling the sarcosomes, which results less 
light-scattering their refractive index decreases. 
This swelling can reversed addition low 
concentrations adenosine triphosphate (ATP) 
(Chappell Perry, 1954). These authors reported 
that 2:4-dinitrophenol (DNP), however, completely 
inhibits the reversal swelling induced ATP. 
There appeared correlation between the 
effects DNP the activation the mitochon- 
drial adenosine triphosphatase activity and its 
effect the reversal swelling. This method was 
used Lehninger, Cooper Tapley (1955) 
demonstrate that thyroxine and triiodothyronine, 
low concentrations room temperature, cause 
rapid swelling rat-liver mitochondria iso- 
tonic sucrose. Klemperer (1955) had independently 
described hydration mitochondria produced 
contact with 0°. 

view the more rapid and rather greater 
activity triiodo- and tetraiodo-thyroacetic acids, 
compared with thyroxine, the uncoupling 
oxidative phosphorylation mitochondria, was 
interest compare the effect these compounds 
with that thyroxine the swelling mito- 
chondria. thyroid-hormone derivatives were 
also found highly effective inhibitors the 
adenosine triphosphatase activity myosin. 
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the other hand, they had little action in- 
increasing the respiration impoverished yeast 
cells, such that observed with synthetic oestrogens 
and related substances (Salmony, 1956). 


MATERIALS AND METHODS 


L-Thyroxine. This was gift from Glaxo Laboratories Ltd. 

and tetraiodothyroacetic acids. These 
were given Pitt-Rivers. 

Hexokinase. preparation crude hexokinase, pre- 
sented Sigma Chemical Co., was purified ethanol pre- 
cipitation according the method Kunitz McDonald 
(1946), and finally dissolved glucose. 

Mitochondria. These were isolated essentially according 
the method Schneider (1948). The liver from freshly 
killed albino rat was chilled sucrose 0°, and 
homogenizer approx. vol. cold sucrose (pre- 
pared glass-distilled water). All subsequent steps were 
out +2°. Nuclei, intact cells and cell debris were 
removed centrifuging the homogenate for min. 
700 The mitochondria were then sedimented 5000 for 
min., and the opalescent supernatant was removed. The 
mitochondrial pellet was washed resuspending 
sucrose and centrifuging for min. and 
was finally suspended sucrose that ml. 
suspension contained mitochondria from fresh liver. 

Measurement oxidative phosphorylation. The mito- 
chondrial suspension ml.) was added, immediately after 
preparation, Warburg flasks containing 0-3 ml. 
adenosine 5’-phosphate, 0-1 ml. 0-1 ml. 
ethylenediaminetetraacetic acid (EDTA), 0-3 ml. 
cytochrome 0-3 ml. 0-26m fructose, 0-5 ml. hexo- 
Oxygen uptake was measured for min. after min. 
equilibration 30°. The amount inorganic phosphate 
utilized after min. was determined addition 0-5 ml. 
70% (w/v) trichloroacetic acid from the side arm the 
Warburg flasks and and measurement 
inorganic phosphate the supernatants the method 
Fiske Subbarow (1925). 

aqueous solution the thyroxine derivatives was 
added either directly the contents the Warburg flasks, 
together with the mitochondrial suspension after the 
mixture had been kept for min. 0°. Thyroxine was 
dissolved the minimum quantity dilute NaOH and 
similar amount NaOH was added the control experi- 
ments. The final concentration NaOH (approx. 
did not measurably affect the pH. When malonate was used, 
the sodium salt was added each flask. 

Manometric measurements. The uptake rat-kidney 
slices was measured the Warburg technique. Kidney- 
cortex slices were incubated 37° atmosphere 
ml. Ringer solution containing glucose 
Whitehorn, 1952). solution the sodium salts 
tri- tetra-iodothyroacetic acid (0-2 ml.) was added 
from the side arm the flask after temperature equilibra- 
tion for approx. min. The centre well contained 0-2 ml. 
20% (w/v) KOH. Duplicates all experiments were 
satisfactory agreement, the values the tables being the 


means. 
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Black-hooded rats, which had been thyroidectomized the 
National Institute for Medical Research, were used. Some 
these were kept 26° for weeks after thyroidectomy, 
procedure used the experiments Thibault Pitt-Rivers 
personal communication from Pitt-Rivers). 

Measurement swelling mitochondria. The mito- 
chondrial suspension (0-05 ml. sucrose) was added 
zero time ml. sucrose and either 0-1 ml. 
the compound tested, when necessary dissolved the 
minimum quantity dilute NaOH, 0-1 ml. equal 
conen. NaOH, lem. cell. The change optical 
density was read Hilger Uvispek spectrophotometer 
520 against blank containing 0-05 ml. 
sucrose instead the mitochondrial suspension. 


RESULTS 


Effect iodo compounds oxidative 
phosphorylation 


The effect triiodothyroacetic acid and tetraiodo- 
thyroacetic acid oxidative phosphorylation 
rat-liver mitochondria was compared with that 
thyroxine (Table 1). Oxygen uptake, the presence 
glutamate succinate substrate, and disap- 
pearance inorganic phosphate, was measured 
described under Methods. Thyroxine was able 
uncouple the phosphorylation associated with the 
oxidation succinate only after pretreatment the 
mitochondrial suspension for min. 0°. When 
glutamate was used substrate, uncoupling 
was observed even after pretreatment 0°. When 
malonate was added, however, 
prevent the further oxidation succinate (Lardy 
Feldott, 1951), uncoupling oxidative phosphoryl- 
ation was shown, but only after pretreatment the 
mitochondria with thyroxine and malonate 0°. 
Both triiodothyroacetate and tetraiodothyroacetate 
had immediate effect inhibiting 
ation without significantly affecting the oxygen 
uptake the presence succinate when these 
hormones were added directly the mitochondria 
the Warburg flasks; with glutamate substrate 
some inhibition respiration occurred, especially 
after pretreatment 0°. The activity the acetic 
acid uncoupling oxidative phosphoryl- 
ation was not significantly increased pretreat- 
ment the mitochondria with these sub- 
stances. Triiodothyroacetate was slightly more 
effective than the tetraiodo derivative un- 
coupling oxidation from phosphorylation. Thibault 
Pitt-Rivers (1955a) have reported that tri- 
iodothyroacetate was more active than the tetraiodo 
derivative raising the oxygen consumption 
kidney slices from thyroidectomized rats. 


Effect respiration kidney slices 


Kidney-cortex slices from thyroidectomized rats, 
which had been fasted hr., were incubated 
Ringer solution the presence the sodium 
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salts triiodothyroacetic acid 
thyroacetic acid. Respiration was measured 
described under Methods. Neither the acetic 
appeared have any effect the 
oxygen uptake the tissue slices compared with 
that the controls without the iodo compounds 
(Table 2). reproduce exactly the conditions 
adopted Thibault Pitt-Rivers (1955a), some 
the rats were kept 26° for about weeks, im- 
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mediately after thyroidectomy. Apart from 
increased dehydration the kidneys shown 
the dry-weight determinations, which averaged 
higher than normal, significant effect the 
respiratory rate was observed, the presence 
either the acetic acid derivatives thyroxine. 
The Qo, kidney slices from intact rats, whether 
not they had been maintained 26°, was also un- 
affected addition either the iodo compounds 
(Table 2). 


Table Effect and acetic acid derivatives oxidative phosphorylation 


The main compartment the Warburg flasks contained 0-3 ml. buffer (pH 7-4), 0-3 ml. 
adenosine 5’-phosphate, 0-1 ml. 0-1 ml. EDTA, 0-3 ml. sodium glutamate succinate, 
0-1 ml. cytochrome 0-3 ml. fructose, 0-5 ml. hexokinase, 0-1 ml. +0-1 ml. 
iodo compound and ml. mitochondria suspended sucrose; 0-5 ml. 70% (w/v) trichloroacetic acid was 
contained the side arm. Gas phase, air; temp. 30°; 0-2 ml. 20% KOH centre well; min. incubation. Malonate, 


when present, 


Pre- 
treatment 

Substrate Addition (min.) 
Succinate None 
None 
None 
Triiodothyroacetic acid 
None 
Triiodothyroacetic acid 
None 
Tetraiodothyroacetic acid 
Tetraiodothyroacetic acid 
Glutamate None 
L-Thyroxine malonate 
Malonate 
L-Thyroxine malonate 
None 
Triiodothyroacetic acid 
None 
Triiodothyroacetic acid 


Depression 
iodo uptake uptake P/O 
atoms) atoms) ratio 
10-1 16-0 1-6 
9-2 10-4 1-1 
10-4 5-0 0-6 
10-4 4-1 1-1 
9-6 29-4 3-0 


Table Oxygen uptake rat-kidney slices, presence triiodothyroacetic and tetraiodothyroacetic acids 


Rat-kidney cortex slices (approx. mg. dry wt.) were incubated 1-8 ml. Ringer solution; 0-2 ml. iodo compound 
was added from the side arm the Warburg vessel; 0-2 ml. 20% KOH centre well. Gas phase, temp., 37°. 


Values quoted are Qo, (ul. dry wt./hr.). 


0-30 30-60 0-30 30-60 0-30 30-60 030 30-60 030 30-60 
Conditions min. min. min. min. min. min. min. min. min. min. 
hr. 

Rats thyroidectomized, fasted {21-2 20-0 20-1 17-6 17-8 18-8 18-8 
Rat thyroidectomized, kept 18-2 18-2 18-5 20-0 20-0 

26° for weeks, fasted overnight 
Intact rat, kept 26° for 18-4 18-3 18-4 18-3 17-6 17-6 


weeks, fasted overnight 
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Swelling mitochondria 


When freshly prepared mitochondrial sus- 
pension isotonic sucrose diluted with isotonic 
sucrose, gradual swelling occurs, can shown 
measuring the optical density the suspension, 
described under Methods. has already been 
shown Lehninger al. (1955) that when thy- 
roxine added mitochondrial suspension 
isotonic sucrose, the swelling greatly 
increased compared with that the control con- 
taining only sucrose. This was confirmed, shown 
Fig. and the effect thyroxine was compared 
with that tri- and tetra-iodothyroacetic acids. 
was found (Figs. and that both these compounds, 
final concentration 3-3 increased the 
swelling the rat-liver mitochondria greater 
extent than did the same concentration thyroxine. 
When this effect was compared with that stilb- 
oestrol, was found that this substance, like DNP 
(Chappell Perry, 1954; Lehninger al. 1955), 
completely inhibited the swelling which occurs 
isotonic sucrose (Fig. 1). 

was shown that when mitochondria were added 
isotonic sucrose containing both stilboestrol and 


w 
w 


3 520 mp 


Time (min.) 


Fig. Swelling mitochondria. The system contained 
2-85 ml. sucrose, 0-05 ml. mitochondrial sus- 
pension and 0-1 ml. water compound being tested; 
0-05m ATP was added where shown 
thyroxine; 3-3 tetrac. 
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either thyroxine one the acetic acid derivatives, 
the swelling caused the thyroid compounds was 
completely blocked for approximately min., 
after which the optical density gradually decreased 
again some the preparations; Fig. curve 
shows typical experiment with both oestrogen and 
thyroid hormone. p-Chloromercuribenzoate had 
significant effect swelling concentration 
however, there was considerable increase, similar 
magnitude that with triac and tetrac. 

The addition ATP the swollen 
mitochondria not only completely reversed the 
swelling the controls and those which thyroxine 
stilboestrol had been added, but caused very 
marked shrinking the mitochondria. ATP, 
however, did not have such pronounced effect 
those mitochondria which had swollen much 
greater extent due the action triac tetrac. 
Although immediate increase optical density 
was observed, this never regained the original value 
these experiments (Fig. 2). 


Effect thyroid hormones adenosine 
triphosphatase activity myosin 


complete the comparison with stilboestrol and 
related substances, the action thyroxine, triac 
and tetrac upon the adenosine triphosphatase 
activity myosin was studied under the same con- 
ditions those adopted Salmony (1956). The 


Time (min.) 


Fig. Swelling mitochondria. Conditions Fig. 
p-chloromercuribenzoate. 
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results (Table show that although all three sub- 
stances are inhibitory low concentrations, the 
activity the acetic acid derivatives exceeds that 
L-thyroxine. 


Effect thyroid hormones yeast cell respiration 


striking effects such those previously found 
for stilboestrol and related compounds were 
significant increase occurred. With tetrac 
increases were seen concentrations from 
the increase was slight (about 50% above the 
control). Under similar conditions with oestrogens, 
increases 600 more were observed (Salmony, 
1956). 

DISCUSSION 


has been shown previously (Salmony, 1956) that 
stilboestrol and some chemically related substances 
greatly increase the respiration yeast cells. The 
present experiments were undertaken extend 
these findings other compounds, such the 
thyroid hormones, whose chemical constitution 
resembles that stilboestrol possessing 
hydroxyphenyl group linked another 4-sub- 
stituted benzene ring. 


Table Effect thyroid hormones adenosine 
triphosphatase activity myosin 


The reaction mixture contained 1-0 ml. glycyl- 
glycine buffer (pH 8-9), 0-1 ml. 0-5 ml. 
thyroid hormones. for 30°; de- 
proteinized addition 0-2 ml. 70% trichloroacetic 
acid. The zero time value has been subtracted each case. 
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Unfortunately, have been unable confirm 
the findings Thibault Pitt-Rivers (1955a, 
that the oxygen uptake kidney slices from thy- 
roidectomized rats strongly increased the 
addition the acetic acid analogues thyroxine 
and triiodothyronine, tetrac and triac. spite 
care reproduce closely possible the condi- 
tions described these authors, have not found 
any such increase kidney-slice respiration vitro. 

However, corresponding with the rapid action 
the acetic acid analogues vivo (Pitt-Rivers,1953) 
these substances have now also been shown (Table 
cause immediate uncoupling mitochondrial 
oxidative phosphorylation with either succinate 
glutamate substrate, whereas well known 
that thyroxine itself acts this way only after 
considerable lag period, during which the prepara- 
tion exposed the action the hormone. 
has been confirmed that order demonstrate the 
uncoupling action thyroxine the presence 
glutamate substrate necessary eliminate, 
means malonate, the further oxidation 
succinate formed (Lardy Feldott, 1951). When 
tested triac this system, the addition malonate 
was unnecessary. 

The rapid action the acetic acid derivatives 
compared with that thyroxine does not appear 
due their more rapid penetration into the 
mitochondria, has been shown Klemperer 
(1955) that thyroxine itself diffuses into the mito- 
chondria extremely rapidly, even 0°. One possible 
explanation which could account for this would 
that oxidative deamination and decarboxylation 
thyroxine and triiodothyronine might precede their 
action, and that the acetic acid derivatives might, 
fact, the active form the hormones. Direct 


Compound Conen. liberated Inhibition chromatographic evidence 
added min.) occurring the rat has now been provided 
None Roche, Michel, Jouan Wolf (1955), consistent 
L-Thyroxine with the rapidity action the thyroacetic acids 
53-8 have compared them with some other compounds 
41-4 known active this respect. Table sum- 
Triac 37-4 9-7 marizes the results obtained the following 
19-8 systems: (1) increase respiration impoverished 
Table Action various inhibitors oxidative phosphorylation other biological systems 
phosphory 
Effect myosin 
Depression Increase adenosine Effect swelling 
Substance P/O ratio yeast respiration triphosphatase mitochondria 
Stilboestrol +++ +++ Inhibits Inhibits 
2:4-Dinitrophenol +++ Accelerates Inhibits 
Thyroacetic acids Inhibits Increases 
Thyroxine Inhibits Increases 


After lag-period. 


high concentration only. 
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yeast cells (Shacter, 1953a, Salmony, 1956; and 
present work); (2) inhibition oxidative phos- 
phorylation mitochondrial preparations [Loomis 
Lipmann (1948) and others, for DNP; 
mercuribenzoate, quoted Lehninger (1951); 
Salmony (1956) for stilboestrol and related com- 
pounds; Lardy Feldott (1951) and Martius Hess 
(1951) for thyroxine; present work for thyroacetic 
acids]; (3) effect adenosine triphosphatase 
activity myosin [Greville Needham (1955) for 
DNP and p-chloromercuribenzoate Salmony (1956) 
for stilboestrol present work for thyroid 
hormones]; (4) effect the swelling mitochondria 
Perry (1954) for DNP; Lehninger al. 
(1955) for thyroxine; present work for stilboestrol, 
thyroacetic acids and 

There appears some correlation (Table 
between the ability this group substances 
depress the P/O ratio and increase yeast respira- 
tion, although this latter respect the action the 
thyroacetic acids very weak and thyroxine 
inactive. Permeability differences may, course, 
involved here. Even the comparatively simple 
system adenosine triphosphatase activity 
myosin, consistent behaviour was not observed, 
DNP being the only one the substances tested 
which was found, previously reported 
Greville Needham (1955), accelerate the 
activity, while the others were inhibitory (Table 4). 
The mechanism which DNP affects this reaction 
remains obscure (cf. Greville Needham, 1955). 

Finally, the fact that thyroxine causes swelling 
mitochondria (Klemperer, 1955) led test the 
effect the two thyroacetic acids this system. 
Both were found extremely powerful swelling 
agents towards rat-liver mitochondria isotonic 
sucrose (Figs. and 2), the swelling produced being 
reversed subsequent addition ATP. this 
respect the thyroid hormones act similarly 
chloromercuribenzoate, although the 
quires much higher concentration effective 
(Fig. 2). Contrasting with these actions the effect 
stilboestrol, which, like DNP (Chappell Perry, 
1954), prevents the spontaneous swelling the 
mitochondria (Fig. 1). This property DNP has 
been suggested being connected with its ability 
uncouple oxidative phosphorylations (Raaflaub, 
1953), explanation which would agree with the 
similar behaviour Once more, 
however, the thyroid hormones form exception, 
since they also inhibit oxidative phosphorylations, 
but nevertheless powerfully increase the swelling. 
Possibly some these apparent contradictions may 
prove reconcilable study the activation 
the ‘latent’ adenosine triphosphatase the mito- 
chondria (Lardy Wellman, 1953) the group 
substances studied here, but preliminary studies 
not support this suggestion. 
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Because the similarity action oxidative 
phosphorylation and yeast-cell respiration which 
have found exist between the thyroid hor- 
mones and the stilboestrol-like compounds, 
interest that certain iodine-free 
ethers have definite, though weak, 
activity (Dodds Lawson, 1938). These compounds 
include ether and 4:4’-dihydr. 
ether, the structural resemblance 
which the thyroacetic acids evident. The 
presence iodine substituents the hexoestrol 
molecule lowers, but does not destroy, the oestro- 
genic activity, since 3:3’-diiodohexoestrol active 
promoting uterine growth immature rats 
1953) and produces oestrus 100 doses adult 
ovariectomized rats (Lawson, personal communi- 
cation). 


SUMMARY 


The action thyroid hormones 
tetraiodothyroacetic acid 
acid) has been compared with that stilboestrol 
upon selected enzymic activities. 

The increased respiration kidney slices 
thyroidectomized rats, reported for the thyroacetic 
acids Thibault Pitt-Rivers b), has not 
been confirmed. 

The inhibitory effect upon oxidative 
phorylation rat-liver mitochondrial preparations 
shown thyroxine more pronounced with the 
two acetic acid analogues. Whereas preliminary 
contact with thyroxine necessary, the 
acids cause immediate uncoupling respiration and 
phosphorylation, similar that previously found 
for stilboestrol. 

The adenosine triphosphatase activity 
thyroid hormones. 

The swelling rat-liver mitochondria, which 
greater with the thyroacetic acids. p-Chloromercuri- 
benzoate higher concentrations also causes the 
swelling mitochondria. 

Stilboestrol stabilizes the state swelling 
the mitochondria and neutralizes the swelling action 
the thyroacetic acids. 


wish thank the Royal Society for Stothert 
Rivers, F.R.S., for supplying the thyroacetic acids and the 
thyroidectomized rats, and Lawson for providing 
the synthetic oestrogens and related compounds. 
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The Sulphatase Liver 


Department Biochemistry, University Edinburgh 


The previous papers this series have dealt with 
those sulphatases which can readily extracted 
water from acetone-dried powder liver 
(Roy, 1954a) which can obtained 
true solution extraction the fresh tissue with 
water (Roy, 1954a). These sulphatases, named 
predominantly localized the mitochondria, 
least the liver the mouse (Roy, and 
the rat (Roy, 19546). They rapidly hydrolyse di- 
potassium sulphate (nitro- 
catechol sulphate), but attack simpler compounds 
such m-tolyl, p-nitrophenyl and 
sulphates relatively slowly. Previously unpub- 
lished work this laboratory indicated the presence 
mouse liver another sulphatase which was 
localized the microsomes, which rapidly hydro- 
lysed m-tolyl and p-nitrophenyl sulphates, and 
which could not obtained true solution the 
usual methods. Dodgson, Spencer Thomas (1955) 
and Dodgson, Spencer Wynn (1956) have shown 
the occurrence comparable enzymes rat and 
human tissues respectively. 
The present paper describes the preparation and 
properties this insoluble sulphatase, sulphatase 
liver. 


Part Roy (1955). 


(Received June 1956) 


EXPERIMENTAL 


Preparation sulphatase 


liver (200 g.) was cut into small pieces and treated 
Atomix blender (Measuring and Equipment Co. 
Ltd.) min. with 300 ml. ice-cold water. All the follow- 
ing stages were carried out unless otherwise stated. The 
suspension was centrifuged for min. 2000 rev./min. 
and the residue connective tissue, etc., The 
supernatant was then centrifuged for min. and 
the loosely packed sediment collected. This sediment was 
washed twice suspending water and recentrifuging. 

The washed sediment was suspended about 100 ml. 
water and treated with 0-2 vol. 10% Lissapol 
Ltd.). After standing overnight the debris was centrifuged 
down and discarded, giving clear solution 
sulphatase The enzyme was precipitated pouring its 
solution into vol. acetone 20° and was centrifuged 
down 15°: the sediment was washed successively with 
acetone and ether 20° and finally dried rapidly vacuo 
over This yielded sulphatase red-brown in- 
soluble powder. Last traces soluble enzymes were 
removed suspending the enzyme water, the use 
loose-fitting glass homogenizer obtain even sus- 
pension, and sedimenting sulphatase The 
residue was washed twice with water, suspended con- 
venient volume water and freeze-dried, yielding approxi- 
mately buff-coloured powder which could readily 
suspended water. 
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The yield sulphatase activity was about 40% that 
present the original liver dispersion and represented 
40-fold concentration the enzyme with respect dry wt. 
For use the assay described below the powder was sus- 
pended water give concentration mg./ml. 


Assay sulphatase 


The method used depended upon the colorimetric deter- 
mination the p-nitrophenol liberated the enzymic 
hydrolysis potassium p-nitrophenyl sulphate, prepared 
the method Burkhardt Lapworth (1926). 0-2 ml. 
0-5m 2-amino-2-hydroxymethyl-1:3-propanediol (amino- 
acid 
acetate buffer), was added 0-2 ml. potassium 
sulphate, followed 0-4 ml. the enzyme 
suspension. The mixture was incubated for min. 37°, 
with occasional shaking keep the enzyme suspension, 
and the reaction was then stopped the addition ml. 
proteins were removed centrifuging, and the colour was 
deveioped pipetting ml. the clear supernatant into 
ml. The intensity the yellow colour was 
read Spekker absorptiometer against suitable blank, 
with Ilford filter no. 601 transmission 
425 Assays were performed duplicate and the 
appropriate enzyme and substrate blanks were always 
included. 

few experiments were carried out with nitrocatechol 
sulphate substrate. these determinations the reaction 
mixture was the same that described above except that 
the substrate solution was dipotassium nitrocatechol 
sulphate. The liberated 4-nitrocatechol was determined 
means the red colour developed alkaline quinol solution 
(Roy, 

When simple aryl sulphates, such m-tolyl sulphate 
the sulphates, were used substrates the liberated 
phenols were determined with Folin Ciocalteu’s reagent 
previously described (Roy, 


RESULTS 
The enzymic activity was firmly bound the cell 
particles and was completely insoluble dispersions 
liver aqueous media. Under similar condi- 
tions least 75% the sulphatase and 
activity liver soluble (Roy, Treat- 
ment the first washed suspension the enzyme 
with number detergents gave ‘solution’ 
sulphatase the detergents tested the non- 
ionic Lissapol Ltd.) and Triton X-100 
(Rohm Haas Inc.) were the most effective 
solubilizing the enzyme. The cationic Cetavlon 
Ltd.) was considerably less effective and also 
caused appreciable inhibition the enzymic 
activity. Assuggested Spencer, Dodgson, Rose 
Thomas (1955), the solubilization the enzyme 
probably due its incorporation into the micelles 
the detergent, the enzyme rendered com- 
pletely insoluble removal the surface-active 
agent precipitation with acetone. The sulphatase 
liver apparently resembles that human 
liver (Dodgson al. 1956) more than that rat liver 
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(Spencer al. 1955) could not obtained 
true solution treatment the solubilized enzyme 
with crude preparations lipase (L. Light and 
Colnbrook, Bucks). was also impossible obtain 
true solution the enzyme treatment the 
insoluble preparations with n-butanol under 
variety conditions described Morton 
(1950). 


Properties sulphatase 


Under the conditions specified above, the hydro- 
lysis sulphate was zero order for 
times not exceeding min., and with this time 
incubation the reaction velocity was directly 
related the concentration enzyme. With longer 
times incubation the reaction velocity decreased 
rapidly, apparently through denaturation the 
enzyme. 

The optimum substrate concentration determined 
sulphate (Fig. and higher sub- 
strate concentrations the reaction velocity de- 
creased rapidly. K,,, calculated the method 
Lineweaver Burk (1934), was p-nitro- 
phenyl sulphate. Both the value K,, and the 
degree substrate inhibition were very considerably 
obtain some information about the nature the 
groups the active centre the molecule the 
variation with was investigated. Fig. 
shows the results plotted according the equations 
developed Dixon (1953). The pK,,/pH plot 


p-Nitrophenol liberated/tube 


Fig. Influence substrate concentration the reaction 
velocity. Volume reaction mixture, 0-8 ml., containing 
0-2 ml. tris-acetate buffer, 8-0, and 0-4 ml. 
sulphatase suspension. Incubated for min. 37°. 
Plot reaction velocity (v) against substrate concen- 
tration (S); plot S/v against 


0-1 

Substrate concn. 
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and according the interpretation these 
plots given Dixon (1953) this must represent the 
dissociating group present either the 
the active centre the enzyme. 
sulphate does not have group 
vhich could dissociate this region, the discon- 
must represent the some group the 
centre the enzyme. indication the 
this group can given. The fact that the 
lope the plot the region above 7-8 
charge when the enzyme combines 
with the substrate. 

The optimum pH, determined tris—acetate 
sulphate, was (Fig. 3). When 
the values the buffer solutions were adjusted 
with HCl H,SO, change the position the 


The different symbols refer three independent experi- 
ments. 


= 


w 


=a 


Fig. Influence the reaction velocity. Volume 
reaction mixture, 0-8 ml., containing 0-2 ml. 
p-nitrophenyl sulphate and sulphatase 
suspension. Incubated for min. 37°. 
tris-acetate buffers; buffers. 
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optimum was noted, and the presence 
NaCl -KCl, the reaction 
mixtures did not alter the position the optimum. 
phosphate buffers, the other hand, the 
optimum was displaced about 

With view distinguishing sulphatase from 
sulphatases and the action number 
possible inhibitors was investigated. The results are 
shown Table and Fig. all these experi- 
ments the inhibitor was dissolved the buffer 
that the enzyme was added the previously mixed 
substrate and inhibitor. The most interesting results 
are those summarized Fig. which shows that the 


Table Action possible inhibitors 
sulphatase activity 


The reaction mixture contained 0-2 ml. buffer, 
0-2 ml. p-nitrophenyl sulphate and 
enzyme preparation. The inhibitors were dissolved the 
buffer before use. The activity expressed relative 
control determinations with activity 1-00. 


Conen. 

Inhibitor Activity 
Na,SO, 0-0001 0-45 
0-05 0-80 
0-025 0-79 
Magnesium acetate 0-05 0-64 
BaCl, 0-025 1-15 
Barium acetate 0-025 1-10 
NaF 0-01 0-55 
NH,F 0-01 0-68 
KCN 0-01 0-43 
0-01 0-25 

A 

0-6 
= 

0-1 1:0 100 


Cation concn. (mM) 


Fig. Influence various concentrations electrolytes 
the reaction velocity. Volume reaction mixture, 
0-8 ml., containing 0-2 ml. p-nitrophenyl sul- 
phate, 0-2 ml. buffer, 8-0, and 0-4 ml. 
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salts due the cation, not the anion, Na* ions 
being considerably stronger inhibitors than 
ions. should pointed out that the experi- 
ments with sodium salts the reaction mixtures also 
contained ions derived from the sub- 
strate. This inhibition sulphatase cations 
makes difficult interpret with certainty any 
possible action anions, but from the results shown 
can have little, any, action the enzyme. 

The kinetics the inhibition sulphatase 
Na* and ions were investigated and the results 
are shown Fig. The inhibition ions was 
non-competitive and the value was 
determined the method Lineweaver 
Burk (1934). The inhibition Na* ions did not 
correspond exactly with any the described types 
inhibition but was clearly the uncompetitive 
type. was not, however, strictly uncompetitive 
the plot 1/v against 1/S did not give line parallel 
that the uninhibited reaction, but parallel 
that the reaction inhibited ions (Fig. 5). 
The reason for this not clear, but may due 
the presence ions from the substrate the 
reaction mixture. the inhibition assumed 
uncompetitive the value was calculated 

The results the study other possible in- 
hibitors showed little note and are summarized 
Table Like all sulphatases, sulphatase was 
strongly inhibited ions. was aiso in- 
hibited cyanide but was relatively insensitive 
fluoride. The inhibition confirms the early 
observations Hommerberg (1931), who was almost 
certainly studying the sulphatase present the 
unfractionated-enzyme preparations then avail- 
able. The activation ions worthy note. 
This activation cannot due removal 
ions, which, even present the washed 


100 
x 
x 


Fig. Effect NaCl and KCl the reaction velocity. 
Conditions Fig. Plotted 1/v against 1/S. 


ROY 


1956 


enzyme preparations used, are not inhibitors 
sulphatase activity. The study inhibitors 
reacting with specific groups the enzyme mole- 
cule was not undertaken, any negative results 
would have had little significance view the 
very crude nature the 
available. Sulphatase activity was, however, 
inhibited about 40% 
benzoic acid, and this inhibition was reversed 
cysteine, which was itself without action the 
enzyme. These experiments were carried out under 
the general conditions already described (Roy, 
1955) and showed that sulphatase like sul- 


Hydrolysis other substrates 


The effect rate hydrolysis nitro- 
catechol sulphate preparations sulphatase 
shown Fig. The curve shows two peaks, one 
5-7, the other 7-5. This suggested that 
the preparation contained appreciable amounts 
sulphatases and the optimum for the 
hydrolysis nitrocatechol sulphate mixture 
these enzymes the region 5-7 (Roy, 1954a). 
The optimum was therefore presumably 
due sulphatase This interpretation the 
curve supported the results study the 
influence inhibitors. the presence fluoride, 
which inhibits sulphatases and but not the 
cyanide, which inhibits sulphatase but not 
the peak 7-5 was suppressed, shown 
Fig. 


1:0 


co 


Relative activity 


Fig. Effect the hydrolysis nitrocatechol 
sulphate sulphatase preparations. Conditions 
Fig. except that the substrate solution was 
nitrocatechol sulphate. Control; 
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Because the presence mixture sul- 
phatases, all capable hydrolysing nitrocatechol 
sulphate, kinetic studies sulphatase with this 
substrate were not carried out. The effect sub- 
strate concentration was, however, studied 
substrate concentration was nitrocatechol 
sulphate and the K,, approximately 
5-7 the effect varying substrate concentra- 
tions was comparable with the effect mixture 
sulphatases and (Roy, 1954a). 

The rate hydrolysis nitrocatechol sulphate 
virtually inactive (Fig. 6), was approximately half 
that p-nitrophenyl sulphate, both rates being 
determined the appropriate optimum substrate 
concentrations. This fact readily distinguishes 
sulphatase from sulphatases which 
hydrolyse nitrocatechol sulphate very much more 
rapidly than they p-nitrophenyl sulphate 
(Table 3). number experiments suggested that 

sulphates were the same order that 
nitrocatechol sulphate, the determinations being 

carried out under the arbitary conditions 8-0 
and substrate concentration 


Rat-liver sulphatase 


view the strong inhibition ox-liver 
sulphatase Na* ions seemed desirable 
study the action these ions similar preparations 
rat-liver sulphatase Dodgson, Spencer 
Thomas (1955) did not detect any inhibition their 
preparations sulphatase such cations. The 
enzyme was prepared from rat liver exactly 
described above for liver. 

According Dodgson, Spencer Thomas (1955) 
the optimum conditions for the assay rat-liver 
sulphatase are 8-5 with substrate concentra- 
tion p-nitrophenyl sulphate. the 
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present work the assays were carried out with 
p-nitrophenyl sulphate 8-0. Under 
these conditions inhibition rat-liver sulphatase 
was caused either Na* ions, shown 
Table the contrary, confirmation the 
results Dodgson, Spencer Thomas (1954), 
slight activation NaCl and was noted. 
this respect least, therefore, rat-liver sulphatase 
differs slightly from the corresponding enzyme. 


DISCUSSION 


The results described above demonstrate con- 
clusively the presence liver third sul- 
phatase, sulphatase strikingly different 
properties from sulphatases and previously 
described (Roy, 19536, 1954a). These differences 
are summarized Table Although kinetic 
studies enzyme preparations such 
described above must interpreted with caution, 
the enzyme not solution, unlikely that 
these differences properties are caused this 
insolubility. Apart from the fact that the properties 
sulphatase are not significantly altered when the 
enzyme solubilized detergents, the properties 
the sulphatases and these insoluble pre- 
parations are apparently different from those 
the soluble enzyme previously described. Studies 
the intracellular localization the enzyme have 


Table Comparison the influence salts the 
activity rat-liver and ox-liver sulphatase 


Activity 
Conen. 
Salt 
NaCl 0-05 1-20 0-56 
0-025 1-05 0-53 
KCl 0-05 1-20 0-85 
0-025 1-03 0-76 


Table Properties sulphatases from various sources 


The data for ox-liver sulphatases and are taken from Roy (19536, for sulphatase from the present in- 
vestigation, for Aspergillus oryzae from Robinson al. (1952), and for Alcaligenes metalcaligenes from Dodgson, Spencer 


Williams (1955). NCS, Nitrocatechol sulphate; NPS, sulphate. 
liver 
Aspergillus Alcaligenes 

K,,, NCS 8-0 0-22 
NPS 2-0 0-17 0-47 

Optimum pH, NCS 6-0 8-0 
Optimum pH, NPS 8-0 6-2 8-8 

Ratio rates hydrolysis, 0-5 0-5 0-2 


Morimoto (1938). 
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not been carried out because practical difficulties 
working with liver, and because the fact that 
the above method assay not suited for use the 
study unfractionated-tissue preparations which 
reduce the liberated p-nitrophenol. the basis 
previous observations the mouse, and the 
observations Dodgson al. (1954) the rat, 
seems that sulphatase localized entirely the 
microsomes, and its extreme insolubility suggests 
that must associated with the microsomal 
membrane postulated Pallade Siekevitz 
(1955). interesting compare this purely 
microsomal localization sulphatase with that 
sulphatases and which apparently occur 
both the mitochondria and microsomes (Roy, 19546, 
Dodgson al. 1954). 

The properties sulphatase are summarized 
Table along with those the only other aryl 
sulphatases which have been studied detail. 
clear from the data Table that sulphatase 
more closely related the fungal 
enzymes than sulphatases and This confirms 
the suggestion Roy (1953a, that there are 
least two groups sulphatases nature, and has 
been suggested (Dodgson Spencer, private com- 
munication) that the fungal and bacterial enzymes 
along with sulphatase called group sul- 
phatases, and the very different sulphatases and 
called group sulphatases. 

The most characteristic property sulphatase 
its inhibition ions and, lesser extent, 
ions. This inhibition apparently distinguishes 
the sulphatase liver from that the rat 
(Dodgson, Spencer Thomas, 1953) and probably 
also from that man (Dodgson al. 1956). 
corresponding inhibition has been noted with any 
soluble mammalian sulphatase (Roy, 1955) but the 
routine use acetate buffers their assay may have 
masked such effect. Fromageot (1938) quotes 
Neuberg Lindhardt (1923) and Neuberg 
Wagner (1925) reporting the inhibition the 
sulphatase Aspergillus oryzae (Taka sulphatase) 
acetate buffers, although the experimental 
results presented the latter two papers hardly 
support this statement. (1951) 
showed that the activity Taka sulphatase was 
depressed acetate buffers. These effects might well 
have been due the cations the acetate buffer. 
the other hand, Robinson, Smith, Spencer 
Williams (1952) found inhibition Taka sul- 
phatase Na* ions, but again this might have 
been due the routine use acetate buffers 
these workers. would therefore appear that 
re-investigation the effect cations the 
various sulphatases might considerable 
interest. 

This work stresses again the danger assaying 
sulphatases unfractionated-tissue preparations. 
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has been stated (Dodgson, Spencer Thomas, 
1955) that the assay sulphatase such pre- 
parations justifiable when substrates such 
acetylphenyl sulphate p-nitrophenyl sulphate 
are used, with these substrates competition 
sulphatases and negligible. The present work 
shows, however, that least with liver, assays 
such unfractionated preparations would 
valueless owing the presence variable amounts 
Na* ions the preparations. Before such assays 
sulphatase can justifiably carried out 
necessary demonstrate that the species under 
investigation the sulphatase uninfluenced 
cations, apparently the case the rat. The 
doubtful validity the assay sulphatases and 
unfractionated-tissue preparations has already 
been discussed (Roy, 1954a; Dodgson, Spencer 
Thomas, 1955). 


SUMMARY 


method described for the purification and 
assay the sulphatase liver. 

enzyme which has not been obtained solution. Its 
properties are described. The optimum conditions 
for the assay sulphatase are substrate concen- 

Sulphatase hydrolyses nitrocatechol sul- 
phate approximately half the rate p-nitro- 
sulphate. 

Sulphatase inhibited Na* ions and toa 
lesser extent ions. number other in- 
hibitors have been studied and concluded that 

The properties sulphatase are compared 
with those other aryl sulphatases. 

The problem assaying sulphatases un- 
fractionated-tissue preparations discussed. 


The author wishes express his gratitude Miss Isla 
Sharp for her skilled technical assistance throughout this 
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Micro Method for the Separation and Determination 
Polysaccharides Zone Electrophoresis 


Department Biochemistry, University Cambridge 


(Received May 1956) 


The separation and determination the individual 

polysaccharides present mixture difficult 
and tedious process which often can only carried 
out the macro-scale. Northcote (1954) has used 
electrophoresis borate buffer the Tiselius 
apparatus method for determining the minimum 
number constituents mixture, but the 
recovery the materials behind each boundary, 
necessary the monosaccharide consti- 
This difficulty might overcome the 
jelectrophoresis could carried out some form 
strip support, and the present work describes such 
technique. 

Geldmacher-Mallinckrodt Wienland (1953) 
attempted separate glycogen and galactan 
electrophoresis buffer with 
supports silk and paper. Whilst the work 

described below was progress, the use 
paper support was investigated 
Bertrand Laszt (1956) using various buffers, and 
Foster, Newton-Hearn Stacey (1956) using 
borate buffer. 


EXPERIMENTAL 


Materials 


Monosaccharides. All monosaccharides were run chro- 
matographically and electrophoretically establish the 
presence only one reducing sugar. Concentrations 
solutions were checked polarimetry and the solutions 
diluted g./100 ml. 

Polysaccharides. Those not listed below were identical 
with those used Northcote (1954). Elecampane inulin, 
kindly given Bell, was prepared Bell 
Palmer (1952), snail galactan May (1934), wheat-straw 
xylan Dorée (1947) and lucerne mannogalactan 
Andrews, Hough Jones (1952). Details dextran 
000) and dextran (mol.wt. 150 000) are given 


Northcote (1953). Apple pectin was commercial 
sample (British Drug Houses Ltd., London). 

The polysaccharides were applied aqueous solu- 
tions, except for inulin (0-5%) and ivory-nut mannan 
standard solutions polysaccharides were checked 
polarimetry. The mixed solution polysaccharides con- 
glycogen, snail galactan and inulin, previously dried 
constant weight over 100° and 0-01 mm. pressure. 


Methods 


Apparatus. The strip support was suspended horizontally 
tank shown Fig. The two electrode compart- 
ments each held approx. 250 ml. buffer and the cooling 
fluid was tap water. The voltage applied from anode 
cathode was 2000v and since the effective length the strip 
was about the field strength was approx. 
For strips wide, and borate buffer, 9-3, 
typical current values were, with silk ma, with paper 
100 and with glass paper 140 (at 33v/cm.). All 
electrophoreses were run for min., except where other- 
wise stated. Colorimetric determinations were made the 
Unicam SP. 350 colorimeter. 

Buffer solutions. measurements were made with the 
glass electrode. Borate buffer was prepared from AnalaR 
sodium borate (‘borax’) and molarities were expressed 
terms sodium tetraborate Veronal 


Cooling Glass 
coil plate 
Stri 
Toluene 
Glass 
“frame 
Electrode 
electrode 


compartment 


Fig. Electrophoresis apparatus. Further details are 
given the Experimental section. 
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buffer 9-3) was prepared according Geld- 
macher-Mallinckrodt Wienland (1953). 

Strip supports. (a) Whatman no. filter paper. This was 
washed elution with water and then dried. This process 
was repeated four times effort remove soluble carbo- 
hydrate (Huffman, Rebers, Spriestersbach Smith, 1955). 

Bleached pure silk (wt. approx. was 
washed thoroughly hot water and pure soap flakes and 
then several changes water. This process was repeated 
three times, but occasions further washings were 
necessary reduce the background absorption (see below) 
suitable low level. 

(c) Glass-fibre filter paper (glass paper) was supplied 
Reeve Angel and Co. Ltd., London. 

Application carbohydrate. With silk and paper, the 
polysaccharides were applied the strip support before 
was sprayed with buffer solution, but with the glass paper 
the reverse procedure was adopted this gave more 
compact spots. For the quantitative experiments the poly- 
saccharides were applied line, not greater than 
length, right angles the electric field. The mixture was 
run duplicate the same strip. 

Detection polysaccharides. (a) Spray reagents. 
though reagents for the detection certain polysaccharides 
are available, e.g. iodine vapour for starch and glycogen 
for inulin (Dedonder, 1952), none the spray 
reagents tested proved suitable for the general detection 
polysaccharides paper. The spray reagent 
devised Geldmacher-Mallinckrodt Wienland (1953) 
was used silk and glass paper. Polysaccharide spots 
glass paper were also detected reagent consisting 
p-anisidine and ml. conc. H,SO, 100 ml. moist 
butanol. The sprayed paper was heated 100° for about 
min. 

Elution and colorimetric determination. Where the 
spray reagents could not used quantitative data 
were required, each cm. strip corresponding applied 
polysaccharide was cut into em. segments numbered con- 
secutively from the anode compartment and the polysac- 
charide each segment was eluted water into corre- 
spondingly numbered graduated tube. The eluates were 
made 1-5 ml. and each tube was added 3-0 ml. 
randomly sulphonated «-naphthol conc. H,SO, (Devor, 


Time hydrolysis (hr.) 


power the polysaccharide mixture, 


Fig. 


containing each yeast mannan, yeast glycogen, 
snail galactan and elecampane inulin, after hydrolysis 
with (w/v) nitric acid sealed tubes. Determined 
Nelson’s (1944) method. 
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1950), the tubes being cooled during the mixing and then 
heated boiling-water bath for min. The solutions 
were cooled and their absorption 555 my. was determined. 
graph showing the plot absorption against distance 
from the anode (i.e. tube number) thus indicates the position 
polysaccharide zones peaks (Figs. 3-7). 

was found that segments not bearing the applied poly- 
saccharide yielded eluate which gave some absorption 
555 mu. and this referred background absorption. 

Measurement movement. Movements were measured 
the distance between the centre the polysaccharide zone 
and the centre the spot run 
parallel with it. The trimethylglucose referred the 
stationary marker since does not acquire charge 
borate buffer (Foster, 1953) and therefore its movement 
due factors other than electrophoresis, e.g. electro- 
endosmosis. 

Removal the borate buffer and hydrolysis the polysac- 
charides. After detection the positions the polysac- 
charide zones, the bands carrying each separate zone were 
cut out the duplicate strip, eluted with 2-3 ml. meth- 
anol remove some the borate, dried and the polysac- 
charides eluted from them 0-5 ml. water. The eluate 
was collected glass tube (0-5 diameter, 
long), 0-25 ml. (w/v) HNO, added, the tube sealed and 
heated about 95° for min. This gave maximum reducing 
power for the mixture (Fig. 2). After hydrolysis the solu- 
tions were dried over and NaOH flakes vacuo. The 
residues, dissolved water, together with two 
washings each water, were transferred 
Whatman no. filter paper. 

monosaccharides. The monosaccharides 
present the hydrolysates were separated electrophoretic- 
Stanier, 1952). 

Detection and determination reducing sugars. The sugars 
were detected with p-anisidine reagent (Hough, Jones 
Wadman, 1950), and determined Nelson’s method (1944), 
modified that the final dilution was ml., and the 
absorption was measured 660 

Boundary electrophoresis. This was carried out 
buffer, 9-3, described Northcote 
(1954). 

RESULTS 

Filter paper 
All electrophoreses filter paper were performed 
borate-buffer solution. 

Yeast mannan (150 was run unwashed and 
washed filter paper and very little difference was 
observed (Fig. 3a, b). The background absorption 
(expressed terms log unwashed paper 
was, however, sometimes high 0-250 and 
varied from run run, and washed paper was 
usually between 0-100 and 0-150. figure 0-200 
for log I,/I represents the equivalent approx. 
glucose. Snail galactan did not 
give definite peak, but the material slowly 
streaked towards the anode (Fig. Amylopectin 
(100 formed zone which moved towards the 
cathode, but which tailed back the origin. 
Amylose (20 the other hand, tended stick 
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Origin 
Trimethylglucose 


Distance from anode (cm.) 


Origin 


Trimethylglucose 


Distance from anode (cm.) 


0-1 borate buffer, 9-3, approx. for 
and determination eluates from cm. segments with 
the reagent (a)on Whatman no. filter paper 
(unwashed) (b) Whatman no. filter paper (washed). 


Origin 
Trimethylglucose 


Distance from anode (cm.) 


borate buffer, 9-3, approx. for min. 
Support was Whatmen filter paper (washed). 

Determination eluates from segments with the 


reagent. 
| 


Origin 


Trimethylglucose 


Distance from anode (cm.) 


Origin 


Trimethylglucose 


Distance from anode (cm.) 


Electrophoresis washed silk and borate 
buffer, 9-3, approx. for min. Determin- 
ation eluates from cm. segments with the «-naphthol 
reagent. (a) Yeast mannan snail galactan 
(150 
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firmly the origin with some material streaking 
towards the cathode. The ratios the movements 
some polysaccharides the movement yeast 
mannan are given Table Actual distances 
moved yeast mannan paper (Fig. 3), silk 
(Fig. and glass paper (Fig. are given that 
the distances moved for the other polysaccharides 
can calculated. 
Silk 

Borate buffer. The zone for yeast mannan (150 
(Fig. 5a) clearly defined filter paper, and 
the background absorption much lower and more 
constant. this support, the snail galactan 
(150 moved distinct zone (Fig. 5b) which 
was broader than that yeast mannan. The ratios 
yeast mannan for number polysaccharides are 
listed Table 

The mixture yeast mannan yeast 
galactan (100 was subjected electrophoresis 
and showed four distinct zones (Fig. These 
correspond, approximately, with the positions 
the components when run separately under com- 
parable conditions. 

The polysaccharides with the 
reagent (Devor, 1950) varies according 
the monosaccharides present the polymer, and 
hence before the recoveries can assessed terms 
tuents each polysaccharide zone. the isolated 
polysaccharides are available and their constituent 
monosaccharides known, markers can run 
parallel establish the nature the zones. With 
the mixture, this procedure suggested that zone 
was galactan, zone mannan, zone glycogen and 
zone inulin (Fig. 76). The presence inulin 
zone was confirmed the use the urea—HCl 
reagent (Dedonder, 1952). more general method, 
however, remove the borate, hydrolyse the 
polysaccharide and identify the constituent mono- 
saccharides electrophoresis. the monosac- 
charides are eluted after electrophoresis, some 
quantitative data regarding the constituents each 
zone can obtained. this method zone 


Origin Trimethylglucose 
i06 


Distance from anode (cm.) 

approx. for min. Determination eluates 
from cm. segments with the «-naphthol reagent. 
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Table Relative electrophoretic mobilities polysaccharides 
Katio mobility 
polysaccharide 
mobility 
Ratio movement polysaccharide yeast mannan 
movement yeast mannan measured 
Filter paper Silk Glass paper electrophoresis 
Yeast mannan 1-00 1-00 1-00 
Yeast glycogen 0-49 0-58 0-45 0-48 
Snail galactan 1-25 1-33 
(measured front 
streak) 
Elecampane inulin 0-25 0-25 0-28 
Amylose Origin Origin 0-36 
Amylopectin 0-27 0-42 0-45 0-41 
Wheat-straw xylan Origin 0-45 0-40 
Lucerne mannogalactan Origin 1-17 
Ivory-nut mannan 0-73 0-64 
Apple pectin 1-53 
Dextran 0-33 0-33 
Dextran 0-50 0-33 
Origin the appropriate polysaccharide. This gives yg. 


Distance from anode (cm.) 
Origin Trimethylglucose 


Zone 


Zone Zone Zone 


1 


Distance from anode (cm.) 


Fig. Electrophoresis the polysaccharide mixture, 
containing 100 each yeast mannan, snail galactan, 
yeast glycogen and elecampane inulin, washed silk 
for min. Determination eluates from em. 
segments with the reagent. (a) 
buffer, 9-3; (b) borate buffer, 
9-3. Compare with Figs. and 


was recovered galactose, 30% zone 
mannose and 50% zone glucose. Quanti- 
tative information concerning zone was not ob- 
tained. indications other monosaccharides 
were found except zone where both glucose and 
fructose were detected. Determination indicated 


that much the inulin was present 
this zone. view the incomplete separation 
zones and (Fig. this result not unexpected. 

The amount polysaccharide corresponding 
each zone can calculated dividing the total 
colour value for each peak the absorption/ 


168 glycogen plus inulin the combined 
zones and that is, total recovery the 
polysaccharides applied. 

alternative method calculating the overall 
recovery tosum the colorimeter readings and com- 
pare them directly with value for the whole 
mixture. This gives 83%, which compares favour- 
ably with the previous figure. The latter method 
takes account differences the absorption/ 
the polysaccharides, and any selective losses 
the calculated recovery may not correspond 
with that weight basis. 

Veronal buffer. Yeast mannan (Fig. gave 
broad double-humped band which moved towards 
the cathode approximately the same extent 
trimethylglucose, the stationary marker. 

The mixture (Fig. 7a) showed clear separation 
into its components, but formed peak with 
shoulder, the whole moving back position 
slightly nearer the cathode than the trimethyl- 
glucose run parallel with it. 


Glass paper 


The «-naphthol spray reagent was used 
attempt locate polysaccharide material this 
support, but the definition was not good and con- 
siderable amount background colour was present. 
The modified p-anisidine spray provided reagent 
increased sensitivity and gave very low back- 
ground colour. 

The mixture and each the 
polysaccharides (yeast mannan, yeast glycogen, 
inulin and snail galactan) were subjected electro- 
phoresis borate buffer field strength about 
for min. The spots were developed with 
the p-anisidine reagent and the separation obtained 
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shown Fig. The mixture separated into its 
four components, the actual distance moved the 
yeast mannan being 8-8 cm. towards the cathode. 
was possible wash the paper for re-use 
eluting with ethanol and then with water. 


Boundary electrophoresis 


The mixture was diluted half its original con- 
centration and subjected electrophoresis 
borate buffer for min. separated into four 
distinct boundaries (Fig. 9). The ratios the 
mobilities the Tiselius apparatus (see Table are 
calculated from the values given Northcote 
(1954). Snail galactan and wheat-straw xylan gave 


Trimethylglucose 


Glycogen 

Galactan 
Mixture 
Mannan 


Cathode 


Fig. Electrophoresis the polysaccharide mixture con- 
taining each yeast mannan, snail galactan, 
yeast glycogen and elecampane inulin, borate 
buffer, 9-3, glass paper. Run for min. 
Distance between the yeast mannan and the tri- 
methylglucose spot Spots were detected 
acid reagent. Compare with Figs. 
and 
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single peaks the Tiselius apparatus with mobilities 
respectively. 


DISCUSSION 


Greenway, Kent Whitehouse (1953) describe 
technique for the detection polysaccharides after 
separation electrophoresis paper, but give 
details the electrophoretic method the results 
obtained. The separation polysaccharide fractions 
from extracts wheat electrophoresis 
acetate and borate buffers was claimed Preece 
Hobkirk (1955), but the use aniline oxalate 
detect the positions the bands suggests that the 
polysaccharides were not very great molecular 
weight. Also the fact that characterized polysac- 
charides were used makes difficult interpret 
their results. More recently, Foster al. (1956) have 
subjected amylosaccharides electrophoresis 
borate buffer filter paper and both their results 
and those the present work suggest that the 
movements amylose and amylopectin paper 
are unsatisfactory. The work described here shows 
also that snail galactan does not move discrete 
band this material and that the carbohydrate 
eluted from the paper itself sufficient make 
quantitative work difficult. These disadvantages 
can overcome the use washed silk, which also 
permits the use the spray reagent 
for the qualitative detection polysaccharides. 


Fig. Boundary electrophoresis borate buffer, 
9-3, for min., the mixture containing each 
snail galactan, yeast mannan, yeast glycogen and 
inulin. (a) Ascending limb; descending limb. Compare 
with Figs. and 
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However, this reagent unsatisfactory since not 
very sensitive (about polysaccharide 
required), the background obtained not clear, and 
the silk tends disintegrate. With the glass paper 
the modified p-anisidine spray reagent gives better 
results, and since the glass paper can washed and 
used again, this provides quick, easy and eco- 
nomical qualitative method. For quantitative work 
the use washed silk and elution and determination 
the polysaccharides suitable method, 
recoveries about 85% being obtained. The 
resolution the polysaccharide zones is, however, 
somewhat limited, but the technique does provide 
for the identification the constituent monosac- 
charides, although the recoveries these sugars 
are not quantitative. Because the number 
and nature the operations involved these 
determinations, high recoveries can hardly 
expected. 

The hydrolysis results presented for the mixture 
not conflict with the idea that each the zones 
Fig. represents distinct polysaccharide; 
their movements are comparable with the move- 
ments the polysaccharides themselves and 
are consistent with the degree complexing with 
borate which might expected from their struc- 
tures. 

The time for hydrolysis short (60 min.) com- 
pared with that for the complete hydrolysis 
yeast mannan 100ml. hydrochloric acid, 
which would require least hr. However, the 
maximum value for the reducing sugar, obtained 
after min. (Fig. 2), was 90% the calculated 
value, and electrophoresis the hydrolysate this 
time indicated that all the reducing sugars were 
present monosaccharides. The low concentration 
the polysaccharide used, about 0-01 g./100 ml., 
might well account for this short hydrolysis 
time. 

The results with yeast mannan (Fig. and the 
mixture (Fig. veronal buffer silk suggest 
that this buffer not suitable for the electrophoretic 
separation neutral polysaccharides. is, how- 
ever, difficult compare our results directly with 
those Geldmacher-Mallinckrodt Wienland 
(1953) sinee different conditions were used and the 
separation they obtained was two-component 
mixture. Bertrand Laszt (1956) observed 
essential difference between veronal 
buffers the electrophoresis glycogens, and state 
that the best buffer for this purpose triethanol- 
amine phosphate buffer 7-0 gelatin 
reduce diffusion effects. Since these workers 


separated mixtures and did not measure the 
electroendosmosis difficult know whether 
any electrophoretic movement occurred. Northcote 
(1954) has shown that borate essential for satis- 
factory electrophoresis neutral polysaccharides 
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the Tiselius apparatus, and the present work 
indicates that this true for electrophoresis 
strip supports. With acidic polysaccharides Rienits 
(1953) has obtained separation filter paper 
using phosphate and acetate buffers. 

The ratios given Table for movement silk, 
glass paper and the Tiselius apparatus correspond 
very well, and therefore the separation both silk 
and glass paper electrophoretic and generally 
absorption plays little part. However, with 
silk three the polysaccharides, amylose, straw 
xylan and lucerne mannogalactan remain the 
point application and presumably these polysac- 
charides are strongly absorbed. Since the borate 
complex has negative charge the polysaccharides 
would expected move towards the anode 
the Tiselius apparatus, but the strip support 
9-3 the electroendosmosis great, which results 
Mallinckrodt Wienland (1953) describe their 
technique electrochromatography, that is, move- 
ment the buffer flow and separation the com- 
ponents because differing absorptions, and this 
possible explanation their results since they 
used veronal buffer 9-3, when difficult 
see how the glycogen and galactan used their 
experiments could acquire charge. 

Electrophoresis strip supports 
advantages, the most important being: (1) Only 
about the mixture required. 
(2) The monosaccharide constituents each poly- 
saccharide zone can identified. (3) proteins are 
present they will not detected the techniques 
used, but information regarding these required 
could obtained, the glass paper, the use 
the appropriate reagent. the Tiselius apparatus 
any difference refractive index will detected 
boundary and thus difference between poly- 
saccharides and proteins would shown. 


SUMMARY 


method for the quanti- 
tative separation neutral polysaccharides 
described. The strip support used silk and the 
method gives 85% recovery four-component 
mixture containing 100 each component. 

qualitative zone-electrophoretic method 
with glass paper support and p-anisidine 
general spray reagent described. 

The electrophoretic movement the neutral 
polysaccharides used dependent upon the use 
borate buffer. 

wish thank Goulding for much assistance 
during the preparation the polysaccharides used. One 
(K.W.F.) gratefully acknowledges the receipt 
Scholarship from the Agricultural Research Council, during 
the tenure which this work was carried out. 
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Helicorubin and Cytochrome 
PURIFICATION AND PHYSICAL PROPERTIES 


JOAN KEILIN* 
Department Biochemistry and Molteno Institute, University Cambridge 


(Received January 1956) 


Helicorubin naturally occurring haemochromo- 
gen found the crop and intestinal tract land 
snails and some other invertebrates. the only 
known extracellular haemoprotein apart from 
haemoglobin and chlorocruorin, and many its 
properties resembles some the components 
Although helicorubin was the first 
haemoprotein the haemochromogen type 
described, was never purified, and all the pro- 
perties far attributed have been those the 
crude material. 

1876 Sorby found that the crop and intestine 
the garden snail contain red-brown fluid which has 
absorption spectrum very like that haemo- 
chromogen; also found that this type absorp- 
tion spectrum could seen the digestive gland 
hepatopancreas) and other organs. When 
exposed air, the pigment underwent oxidation 
and its strong absorption bands disappeared, but 
they reappeared when the fluid was made alkaline 
and the pigment became reduced. Sorby’s observa- 
tions were confirmed Krukenberg (1882), who 
named the pigment and MacMunn 
1885, who named ‘entero- 
haematin’. The name ‘helicorubin’ given 
Krukenberg has now been generally adopted. 

The first attempt the purification helico- 
was made Dhéré Vegezzi and 
Dhéré (1919), who ultrafiltered snail ‘bile’ and 


Present address: Department Veterinary Clinical 
Studies, School Veterinary Medicine, University 
Cambridge. 


separated red solution containing helicorubin, 
which passed through the collodion membrane, 
from brown pigment which they named ‘helico- 
fuscine’. They found that alkaline helicorubin has 
haemochromogen type absorption spectrum 
consisting sharp «-band 562-5 weaker 
B-band and y-(Soret) band 
The absorption bands the visible 
region can seen when snail ‘bile’ examined 
situ transilluminating loop the intestine, and 
their positions agree with those recorded Sorby 
(1876). 

acidification the ‘bile’, these sharp bands 
are replaced the visible region the spectrum 
the two diffuse bands oxidized helicorubin; 
these the stronger than the «-band, and the 
y-band now lies The oxidized, acid helico- 
either the addition alkali treating the 
acid solution with reducing agent, e.g. sodium 
dithionite. the latter case the «-band the 
haemochromogen asymmetrical near its peak, and 
direct spectroscopic examination appears 
double. Dhéré Vegezzi concluded that helico- 
rubin protein with the same prosthetic group 
haemoglobin. 

Anson Mirsky (1925) claimed, from work with 
bile’, that helicorubin isa haemochromo- 
gen capable undergoing oxygenation well 
oxidation, but this claim has not been confirmed. 

Roche Morena (1936a, using material 
which had been partly cleared other pigments 
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either passing snail ‘bile’ through calcium 
carbonate filtration, studied the variation 
the degree reduction with the pigment and 
found that reduction occurred about 
They suggested that the reducing action alkali 
may due the dissociation either reducing 
substance co-existing with the pigment the 
comparatively crude preparation (as 
reducing group from the helicorubin protein itself. 

Since helicorubin from the gastro-intestinal tract 
and the haemochromogen from the digestive gland 
have now been greatly purified and shown differ 
from each other certain respects, the term helico- 
rubin will used only for the haemochromogen 
found free the gastro-intestinal fluid. Although 
the intracellular haemochromogen from the diges- 
tive gland resembles cytochromes and yet 
several its properties differs from them and 
from all the cytochrome components which have 
been recorded far. therefore proposed 
describe here under the name cytochrome 
thus indicating its close connexion with helicorubin, 
which probably derived from and represents its 
extracellular form, liberated and somewhat modified 
during the course the normal glandular secretion 
the digestive gland. The nomenclature the 
terms helicorubin and cytochrome may ultimately 
have revised more properties the and 
groups cytochrome become known. 

This paper describes the isolation and purification 
helicorubin from the gastro-intestinal fluid and 
from the digestive gland (hepato- 
pancreas) the snail Helix pomatia. This followed 
account the physical properties these 
pigments; their biological properties compared 
with those the well-known components cyto- 
chrome will dealt with later paper. 


MATERIALS AND METHODS 


Source material. Both haemoproteins helicorubin and 
cytochrome were obtained from the edible ‘Roman’ snail, 
pomatia. 

values solutions. These were determined with 
micro glass, electrode (Hartree, 1952) used conjunction 
with Pye universal meter. 

Filtrations. These were carried out through layer 
Hyflo’ supported no. porosity sintered-glass 
funnel. 

Electrophoretic fractionation paper. The method 
Consden Stanier (1952) was adopted using thick 
paper (Whatman no. 3MM) immersed CCl, (A.R.) 
chlorobenzene heat-dispersant. reduce changes 
which were found occur phosphate buffer 
over period hr., deep Perspex electrode vessels were 
used, each 21. capacity, containing phosphate 
buffer and fitted with wire electrodes. 

The purified helicorubin (see 666) was freeze-dried, and 
30-50 mg., according the width the paper, was dis- 
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solved minimal amount the buffer and applied 
capillary pipette the paper strip the usual way. With 
paper strips between and cm. width and average 
potential gradient the current varied between 1-0 
and 1-6 ma/em. width the paper over period hr. 
When was required record the results the electro- 
phoresis, the strip was gently dried current warm 
air and photographed short-wave ultraviolet light 
described Markham Smith (1951). exposure 
3-5 min. was given and Kodak reflex document paper was 
used. The coloured bands were then cut out the strip and 
the pigment each band was eluted with water capil- 
larity. 

Moving-boundary electrophoresis. Perkin Elmer model 
the Tiselius apparatus was used with cell ml. 
capacity. the use the tungsten light source the 
apparatus and Ilford HP3 photographic plates very satis- 
factory negative was obtained which the red limb the 
boundary usually appeared slightly grey. alternative 
arrangement which gave completely black negative picture 
was the substitution the diffusing screen front the 
light source red filter (Ilford no. 608). The electro- 
phoretic mobility was determined and expressed 

Sedimentation coefficient. All determinations were made 
the Spinco analytical ultracentrifuge. The rotor speed was 
780 rev./min. unless otherwise stated, and photographs 
were taken every min. The haemoprotein was prepared 
dialysis for about 24hr. against phosphate 
buffer. 

Diffusion coefficient. This was measured the Tiselius 
apparatus described above. The boundary was displaced 
means glass plunger slowly lowered clockwork 
mechanism into the left electrode vessel and was then 
sharpened the method described Kahn Polson 
(1947). Photographs were taken hr. intervals for hr. 
with red filter (Ilford no. 608) place the diffusing 
and HP3 plates described for moving-boundary 
electrophoresis, the average temperature being 18-5°. 

Spectroscopic methods. For direct spectroscopic observa- 
tions the pigments low-dispersion microspectroscope 
was 

The absorption spectra the visible and ultraviolet 
regions were determined with Beckman photoelectric 
spectrophotometer two Hilger Uvispek spectrophoto- 
meters fitted with glass and quartz prisms respectively, 
obtain the maximum degree dispersion over the whole 
range the spectrum. Glass silica cells 0-5 and 1-0 cm. 
light-path were used. The molecular absorption coefficient 
defined where represents the molarity the 
helicorubin solution terms its haematin content, 
the optical light path and (extinction) log 
where and are the intensities the incident and trans- 
mitted light respectively. 

Dry weight. Purified helicorubin which had been dialysed 
against water till salt-free was freeze-dried, transferred 
weighing bottle and kept desiccator over P,O, before 
being weighed rapidly possible, since the material 
tends absorb atmospheric moisture. Standard solutions 
the helicorubin water were prepared and used for the 
subsequent estimations Fe, protein and carbohydrate. 

Iron. The haematin liberated the action H,O,in 
alkaline solution (Hill Keilin, 1933) and estimated colori- 
metrically the complex described 
Keilin Hartree (1945). 
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Protein nitrogen. This was estimated the micro- 
Kjeldahl method (Markham, 1942); the NH, was collected 
boric acid reagent (Abelin, 1938) and titrated with 
standardized HCl. was assumed that the protein content 
was 6-25 times the content the sample. 

Carbohydrate. The Molisch reaction was used detect the 
presence carbohydrate. For quantitative determinations 
Devor’s modification (1950) the Molisch reaction was 


EXPERIMENTAL AND RESULTS 


Purification helicorubin and cytochrome 


Collection material. The best source material was 
found the edible ‘Roman’ snails, pomatia, which 
are imported into this country from France during the 
winter months while they are state starvation and 
hibernation. They can therefore kept for any length 
time until required. The garden snail, aspersa, was 
also used source helicorubin, but was found less 
practical account its smaller size and the necessity 
starve it. 

For each preparation helicorubin cytochrome 
about 200 snails (H. pomatia) are used. The shells are 
cracked mortar and carefully removed. When the snail 
uncoiled, the intestine appears the inner surface 
bright-red loop which can seen, direct spectro- 
examination, the strong haemochromogen-like 
absorption bands reduced helicorubin. The intestine 
gently pulled away from the snail, bringing with the large 
and exposing the junction the intestinal tract with 
the digestive gland (hepatopancreas). The intestine torn 
away from the digestive gland and the entire contents the 
gastro-intestinal tract are drained into beaker, where the 
red fluid gradually darkens red—brown colour. much 
possible the gastro-intestinal tract removed, to- 
gether with the digestive which dark-brown 
friable organ occupying the terminal spirals the shell. 
These tissues are washed with water and stored 16° until 
required. The washings may added the gastro- 
intestinal contents worked separately. 

The gastro-intestinal fluid collected described above 
contains number substances which make purification 
helicorubin difficult, especially the early stages. The fluid 
heavily contaminated mucin, which makes very 
viscous, and haemocyanin, the copper-protein oxygen 
carrier which liberated during the rapid but crude dis- 
section the snail. The fluid also rich brown and yellow 
pigments which tend mask the absorption spectrum 
helicorubin, particularly the green, blue and_ violet 
regions the spectrum. Finally the presence powerful 


cellulase precludes the use any method depending 


dialysis through cellophan tubing filtration through paper 
until the enzyme has been inactivated. However, taking 
advantage the fact that helicorubin and cytochrome are 
thermostable proteins, the cellulase can easily irre- 


inactivated warming the pigment-containing 


extracts 68° for about min. 

Assessment degree purification. The oxidized form 
helicorubin has parahaematin type absorption spectrum 
broad absorption band the green region the 
spectrum and very sharp y-(Soret) band the violet 
region. The deepening the trough between the absorption 
and the resulting sharpening the bands denotes the 
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removal coloured impurities. The characteristic absorp- 
tion curves (log plotted against wavelength), which are 
independent the concentration the pigment under 
investigation, permit accurate comparisons different 
solutions made. For rapid comparisons, however, 
convenient measure the ratios the peaks the main 
bands the adjacent troughs. purification proceeds, the 
most significant change the reduction height the 
protein band 276 mu. relative the Soret band, i.e. 
the (Soret) ratio each stage the 
positions and shapes all the absorption bands the 
reduced pigment were also noted. 

Other criteria used for the assessment purification were 
the Fe/protein ratio and the electrophoretic behaviour 
the pigment. 


Purification helicorubin 


About 100 ml. diluted gastro-intestinal fluid from 200 
snails filtered through glass wool and further diluted with 
water about 350 ml., giving opalescent, brown, sticky 
and slightly acid solution (pH 6-0). 

Lead acetate precipitation impurities Sufficient basic 
lead acetate (about ml. 25%, w/w) added the 
solution made alkaline with 10% (v/v) aqueous NH, 
(sp.gr. 0-880) produce maximum precipitation. The 
heavy greenish brown, curd-like precipitate removed 
centrifuging for 30-40 min. 2000 rev./min. cases 
the precipitate heavy that necessary dilute the 
preparation with water before centrifuging.) The precipitate 
washed twice centrifuging with alkaline water (pH 
8-9) containing about ml. basic lead acetate solution/ 
100 ml. H,O and the washings are added the super- 
natant. The solution filtered through bed kieselguhr 
(Celite Hyflo) sintered-glass filter. The clear red solu- 
tion thus obtained tends standing form fine white 
precipitate which probably mixture lead carbonate 
and hydroxide, but this disregarded. The solution 
brought with acetic acid and excess lead pre- 
cipitated adding saturated solution Na,SO, and 
removed leaving about 1100 ml. clear red 
solution. 

Concentration the pigment and fractionation with 
ammonium sulphate The solution now brought 
7-3 with 10% (v/v) aqueous NH, (sp.gr. 0-880), treated 
saturation (discounting the previously added) and 
left overnight. The helicorubin, which precipitated, 
filtered off bed Celite Hyflo and the lemon-yellow 
filtrate discarded. The precipitate washed the filter 
with neutralized 65% saturated until the 
washings are colourless; the precipitate and kieselguhr are 
then removed from the funnel and slurried with water; the 
dissolved pigment filtered off and the kieselguhr washed 
with successive small quantities water till colourless. 
The dark-red solution now dialysed cellophan tube 
against 65% saturated overnight, the cellulase 
being reversibly inactivated the The pre- 
cipitated helicorubin filtered off and washed with 
neutralized described above. The bright- 
yellow filtrate and the washings are discarded. The pre- 
cipitated pigment now washed through the filter with the 
minimum amount water and dialysed against several 
changes tap water vessel about 61. capacity for 
8-12 hr. The cellophan tubes must then handled very 
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carefully they are frequently much weakened the 
reactivated cellulase and are liable develop small leaks. 
this way since the presence the salt tends prevent the 
destruction the cellulase the next stage. 

Heat inactivation cellulase (III). Karrer, Schubert 
(1925) found that Helix pomatia cellulase in- 
activated heating 60° for hr. 5-28. Such treat- 
ment does not cause any denaturation helicorubin 
since both these haemoproteins retained their 
characteristic properties non-reactivity with carbon 
monoxide, very slow autoxidation the physiological range 
and oxido-reduction reactions with biological systems. 

taking advantage the thermostability the haemo- 
protein, the solution, about 300 ml., adjusted with 
acetic acid and heated water bath 68° for min.; 
the salt concentration the solution sufficiently low 
this treatment completely destroys the cellulase activity. 
grey precipitate appears 50° and soon forms heavy 
flocculum. After cooling, the precipitate centrifuged off 
and washed twice with water; the supernatant and washings 
are mixed, brought with 10% (v/v) NH, solution 
(sp.gr. 0-880) and clarified centrifuging, about ml. 
tricalcium phosphate gel being added necessary. The clear 
helicorubin solution (320 ml.) can now dialysed against 
several changes water and concentrated suspending the 
dialysis tubes front electric fan. Any precipitate 
formed during these procedures removed centrifuging. 
When the solution salt-free and has been reduced about 
ml. freeze-dried readiness for electrophoretic 
fractionation paper. 


Preparation cytochrome from the digestive gland 


The digestive glands (of about 200 snails) which had been 
stored are slightly warmed and while still partly 
frozen are blended witha little water Waring Blendor for 
The thick fluid centrifuged, the supernatant 
collected and the precipitate washed once with water 
centrifuging; the washings are added the supernatant. 
Care taken during all these procedures keep the fluid 
about since some preparations there tendency 
become very acid. About opaque brown fluid 
obtained, which then treated with lead acetate followed 
the steps purification described above for helicorubin, 
yielding material suitable for fractionation electro- 
phoresis paper. 


Electrophoretic fractionation helicorubin 
and cytochrome (IV) 


Each preparation was subjected electrophoretic 
fractionation paper described, with phosphate 
buffer between 6-5 and 7-5. each case the direction 
migration the haemoprotein relative uncharged 
markers such glucose adenine was towards the positive 
electrode. 

Fractionation cytochrome preparations (Fig. 
which usually had ratio between 0-5 and 1-0 
gave rise one red band (cytochrome which was the 
slowest-moving component and was well separated from 
broad cream-coloured zone (P). photograph the paper 
strips ultraviolet light defines the extent the slightly 
coloured and uncoloured protein bands and 

Spectrophotometric examination the coloured com- 
ponents after their elution from the paper showed that the 
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red band contained 77% the total pigment, but only 
35-40 the total protein. The ratio the cyto- 
chrome component (oxidized) was now between 0-28 and 
0-31, that fraction was and that fraction 
was high 6-7. The Soret band cytochrome lay 
410 and that fractions and was 412-414 

Helicorubin preparations gave more complex picture 
paper electrophoresis (Fig. 2). many cases two red bands 
appeared the positions the Soret absorption bands the 
eluted pigments showed that the slowest-moving com- 
ponent was cytochrome (present only small amounts, 
all) while the main red band was that helicorubin. (The 
spectroscopic differences between these two pigments are 
discussed below.) Cytochrome appeared all preparations 
where the washings the cut-up digestive gland had been 
worked with the gastro-intestinal fluid and was probably 
contained these washings. preparations helicorubin 
which did not appear contain cytochrome when electro- 
phoresis was carried out phosphate acetate buffers 
between 5-5 and 7-5, cytochrome component did 
appear electrophoresis below. This suggests 
that under certain conditions helicorubin may some way 
changed cytochrome This point, which may throw 
light the exact relationship between cytochrome and 
helicorubin, requires further study. Two three other 
faintly coloured bands, and are usually seen the 
paper strip, and eluates these bands contain progressively 
less haematin relative their protein content. each case 
the position the Soret band these haemoproteins was 


Electrophoretic migration 
Endosmotic flow 


Fig. Diagram electrophoretic fractionation paper 
cytochrome showing typical positions cytochrome 
and other proteins (P, and relative un- 
charged marker (adenine) after hr. electrophoresis 
phosphate buffer, 7-4. The material was 
applied the paper the position the broken line. 
The positions the uncoloured proteins and adenine are 
revealed photographing the paper strip u.v. light 
described. 
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Electrophoretic migration 
Endosmotic flow 

Fig. Diagram the electrophoretic fractionation 
paper helicorubin showing its separation and that 
small amount cytochrome from other protein 
phosphate buffer, 7-4 (see Fig. 1). 
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therefore appears that helicorubin, and some extent also 
cytochrome tend attached several other proteins. 
This ‘attached’ haemoprotein accounts for about 23% 
the pigments and explains why helicorubin and cyto- 
chrome are precipitated ammonium sulphate over the 
whole range between and 60% saturation that 
fractionation with ammonium sulphate cannot used the 
purification and helicorubin. 

The different fractions obtained electrophoresis were 
dialysed against water till salt-free, and were either freeze- 
dried stored 16°. was found that towards the end 
this dialysis concentrated solutions helicorubin and 
cytochrome tended become adsorbed the cellophan 
tubing the same way cytochrome 

The progress the purification typical preparation 
helicorubin described above shown Fig. The 
spectrophotometric criteria selected (for the oxidized form 
the pigment) were: (a) the increase the extinction the 
Soret band relative the extinction the trough 
which shows the progressive elimination the brown and 


» 


Stage passed 


| 

/ 

Fig. Spectrophotometric evaluation the progress 
purification helicorubin. The criteria used are the 
ratios the extinction the protein band that the 
Soret band and the ratio the ex- 
tinction the Soret band that the trough adjacent 
Very similar results are obtained 
the purification cytochrome but owing the 
solid nature the starting material values can 
obtained for the initial condition the pigment. 

{ Eys E500 my.? Ex my. * The stages of the 

preparation are described the text. 
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yellow pigments and other substances absorbing over this 
region the spectrum; the decrease the height the 
protein band relative the height the Soret band, which 
indicates the removal non-helicorubin protein. This ratio 
must not interpreted too literally the early stages 
purification, for the relatively crude preparations 


217 min. 214 min. 


541 min. 538 min. 
Ascending Descending 


Fig. Electrophoretic schlieren patterns helicorubin 


262 min. 260 min. 


512 min. 510 min. 
Ascending Descending 


Fig. Electrophoresis patterns cytochrome 
See also Table 
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represents the absorption the Soret band together with 
that unknown amount absorption due other 
pigments. Electrophoretic fractionation paper, although 
slow and tedious, has the advantage that the total pigment 
can invariably recovered the various fractions. 


(a) 


Fig. Sedimentation pattern helicorubin showing the 
migration the colour boundary peak. 
Phosphate buffer, 6-1. 0-125. Rotor speed 59780 
rev./min. Exposures (a) min., (b) min. 


(a) 
phosphate buffer, 7-9. 0-26. Rotor speed 59780 
rev./min. Exposures (a) (b) 176 min. See 
Table 
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Examination preparations for homogeneity 


Moving-boundary electrophoresis. The 
phoretic mobilities helicorubin and cytochrome 
were examined acetate and phosphate buffers 
constant ionic strength 0-2) between and 
7-2. Inall cases the haemoprotein migrated towards 
the anode, but the rate migration was slow and 
most experiments were continued for hr., with 
protein. Under these conditions the mobility the 
Since the haemoproteins may undergo some modi- 
fication when kept below for more than 
few hours, mobility determinations were made 
below However, the results obtained 
indicate that both helicorubin and cytochrome are 
acidic nature and that their isoelectric points lie 
below 

can seen Figs. and that the prepara- 
tions helicorubin and cytochrome examined 
phosphate—NaCl buffer 6-9 and 6-5 re- 
spectively show only one symmetrical boundary. 

Behaviour the ultracentrifuge. 
patterns these preparations the Spinco ultra- 
centrifuge also showed only one component each 
case (Figs. the maximum rotor speed 
59780 rev./min., sedimentation both helicorubin 
and cytochrome was slow and, can seen best 
Fig. the red colour the haemoprotein (seen 
grey background the boundary the viewing 
the centrifuge) migrated with the 
boundary. Since all the preparations were known 
contain polysaccharide material (see below) and yet 
appeared homogeneous when sedimenting 
the top speed the centrifuge, run was performed 
which the maximum speed was approached very 
gradually, and watch was kept for any indication 
the presence very rapidly sedimenting com- 
ponent which might spun down before the centri- 
fuge had reached full speed. evidence any 


(6) 


Fig. Sedimentation pattern helicorubin phosphate buffer, 6-1. Rotor speed 780 rev./min. 
min., (b) min., (c) 192 min., (d) 256 min. The menisci have been reinforced the photographs 


for better reproduction. 
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rapidly sedimenting component was found, the 
only boundary which appeared being that the 
pigment. 


Molecular size helicorubin and cytochrome 


The sedimentation coefficients cytochrome 
and helicorubin which are given Table show 
that the results obtained with the Spinco ultra- 
are very good agreement with the 
Caspary, who kindly examined preparation the 
Svedberg oil-turbine ultracentrifuge. The rather 
low value found for helicorubin 
6-1 might accounted for the low ionic 
strength the buffer used this case 0-125). 

The diffusion coefficient cytochrome was 
The value calculated the method 
moments was 8-4 Taking the value 
volume 0-73, then the molecular 
weight the haemoprotein 500. The frictional 
ratio f/f, from these data 1-44. 


Composition purified preparations 
cytochrome and helicorubin 


Metals. Spectrographic analysis for metals, 
samples purified helicorubin and cytochrome 
kindly carried out Mitchell Aberdeen, 
showed that only was present significant 
quantities. The other metals biological interest 
such Cu, Mn, Mg, and were thus eliminated 
possible additional prosthetic groups. The values 
obtained for were good agreement with those 
obtained chemicai and spectroscopic 
estimations haematin Fe. 

Carbohydrate. was found that purified pre- 
parations which showed single component both 
ultracentrifuging 6-1 and and electro- 
phoresis the Tiselius apparatus 6-5, 6-9 and 
the measured dry weight the salt-free pig- 
ment was always far excess the dry weight 
from the haematin and content 
the sample. This excess weight was due 


Table Sedimentation coefficients 
cytochrome and helicorubin 


Preparation 
Cytochrome 1-73 
8-0 1-74* 
8-0 1-63 
Helicorubin 8-0 1-68 
1-56 
6-1 1-35 


Fig. shows the electrophoresis schlieren pattern 
this preparation. Ionic strength phosphate buffers 
was between 0-2 and 0-29, except the last case, where 
was 0-125. 
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variable amounts carbohydrate which accounted 
for the dry weight. The ratio protein 
haematin shown the ratio was, 
however, constant all the purified preparations 
cytochrome and helicorubin the 
best preparations the Fe/protein quotient was 
about 

The molecular weight cytochrome calcu- 
lated from the sedimentation and diffusion co- 
efficients 18500; this close agreement with 
the value obtained assuming that the dry weight 
the pure pigment that its protein content, 
plus the prosthetic group, and that the concentra- 
tion the solution terms haematin iron can 
calculated from the height the Soret band the 
(for cm. light-path) corresponding lyg. 
Fe/ml. 

this basis cytochrome haemoprotein 
If, however, the molecular weight 
the basis the total dry weight, values varying 
investigate the relationship the carbohydrate 
the haemoprotein, attempts were made separate 
the two substances electrophoresis. 

Moving-boundary electrophoresis 
buffer, 9-1, 0-2, was carried out with cyto- 
chrome and helicorubin. each case there were 
two main components: smaller faster-moving 
component, the haemoprotein, and larger slower- 
moving component which seemed colourless. 
The approximate areas under the two peaks were 
the ratio 2:3. 

view these results, which showed the separa- 
tion from the haemoprotein apparently un- 
coloured components, attempt was made 
remove the carbohydrate electrophoretic frac- 
tionation paper veronal buffer (pH 9-0) 
for about hr. with potential gradient 
The paper was then cut across into strips cm. 
wide; each strip was eluted separately for hr. with 
water the usual way, the volume each eluate 
was measured and the total carbohydrate deter- 
mined. 

Since preliminary investigations the carbo- 
hydrate had shown polysaccharide com- 
posed several different sugars, was not feasible 
determine the absolute amount carbohydrate 
using standard single sugar such glucose. 
The amount carbohydrate was therefore ex- 
pressed the optical density 560 (due the 
purple colour the Molisch reaction) times dilution 
factor times volume eluate with cell 1-0 cm. 
light-path. The haematin content each strip was 
estimated from the extinction the Soret absorp- 
tion band the oxidized pigment, and for con- 
venience was expressed similar units. 
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Although the haemoprotein migrates towards the 
positive electrode, most experiments the red 
haemoprotein band was the line application 
the paper the negative side this line, owing 
the general displacement all components the 
endosmotic flow, which from positive negative. 
The results such experiments (Figs. and 10) 
show that the maximum amount carbohydrate 
found the negative side the haemoprotein 
band where there little any haemoprotein. 
very small amount haemoprotein, differing 
slightly the position its absorption bands from 
the main red component and usually associated 
with some carbohydrate, gives rise small, 
faster-moving component under these conditions. 
one experiment complete separation 
hydrate and haemoprotein was obtained, all the 
carbohydrate being localized the negative side 
the haemoprotein. 

These results show that the carbohydrate does 
not constitute part the haemoprotein molecule 
and that electrophoresis alkaline solution offers 
promise method for separating the haemo- 
protein from the polysaccharide associated with it. 
case did this procedure affect the properties 
the haemoprotein its protein/haematin ratio. 


Spectroscopic properties helicorubin 
and cytochrome 

Once helicorubin cytochrome preparation 
has been treated with lead acetate, which removes 
most the other pigments present the starting 
material, the haemoprotein solution clear orange- 
red, with parahaematin type absorption 
spectrum; this consists two very diffuse bands 
the visible region the spectrum, resembling those 
oxidized 

When the haemoprotein treated with reducing 
agent such sodium dithionite the volour the 
solution changes rosy pink, and sharp ab- 
sorption bands consisting strong «-band and 
the visible region. The absolute absorption spectra 
helicorubin and cytochrome the oxidized 
and reduced form calculated haematin-Fe basis 
are given Figs. and and Table where 
can seen that these haemoproteins differ 
certain respects: (1) The positions the «-, and 
y-(Soret) absorption bands both oxidized and 
reduced helicorubin are nearer the red end the 
spectrum than the corresponding bands cyto- 
chrome the differences between the corresponding 
bands being 5-5, (2) The extinction 
coefficients the and y-bands reduced 
cytochrome are little greater than those the 
corresponding bands helicorubin. (3) The shape 
the ‘protein’ band between 290 and 250 dif- 
fers the two haemoproteins, that cytochrome 
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Units carbohydrate haematin 


(b) 


Carbohydrate 


Units carbohydrate and haematin 


Paper 
blank 

Strip no. 


Fig. 


Figs. and 10. Separation cytochrome and the poly- 
saccharide accompanying electrophoresis paper 
veronal buffer. (a) Diagram the distri- 
bution the haemoprotein the paper after hr. 
electrophoresis. (b) Concentration haemoprotein and 
polysaccharide contained the eluate each wide 
strip. The methods determining and defining the units 
are given the text. The arrow marks the line applica- 
tion the pigment the paper. 


(a) 
(b) 
€ 
Strip no. 
Fig. 
(a) 
x— 
Haematin 
0 | 
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showing peak 276 with one 

(Fig. 12). 

These findings are constant for all purified pre- 


parations helicorubin and cytochrome the 
haemoprotein components separated from the main 
cytochrome component during electrophoretic 
bands lie intermediate positions between 410 and 
415 (oxidized form), but never the position 
the ratio much higher than the main 
pigment fractions, described above. 
Effect low temperatures absorption spectra. Helicorubin 


was mentioned above that the gastro-intestinal 0-4 
fluid when reduced acid solution shows double 
(Fig. but when reduction takes place 
alkaline solution the appears sharper and 


Cytochrome 
(Fe3*) 
620 600 580 560 540 520 500 480 
single when observed with the microspectroscope Wavelength (mp) 
(Fig. 13a). The spectrophotometric curve the acid- 


reduced helicorubin does not, however, show Fig. 11. Absorption spectra the visible region cyto- 
separate but merely shoulder 563 chrome and helicorubin the oxidized and reduced 


forms (reduced with sodium dithionite). Cytochrome 
phosphate buffer, The molecular extinction 
coefficient the basis the haematin 
Fe. This determined the extinction the Soret 


the slope the main band lying 558-5 
The effect low temperature the absorption 

spectra was observed with microspectroscope 

described Keilin Hartree (1949). dilute 


solution the haemoprotein was mixed with band cytochrome value 
equal volume glycerol and reduced with sodium (for light-path) corresponding Fe/ml. 
dithionite, the concentration pigment being such These values were assumed apply also the case 
that the absorption bands were only just perceptible. helicorubin. 


Cytochrome 


Helicorubin 


Cytochrome 


Helicorubin 


hr. 

480 460 440 420 400 380 360 340 320 300 280 260 240 

ide 

Wavelength 

Fig. 12. Absorption spectra the u.v. region cytochrome and helicorubin the oxidized 
and reduced forms (see Fig. 11). 
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Table Positions and molecular extinction coefficients the absorption bands helicorubin, 
cytochrome cytochrome and untreated gastro-intestinal fluid 


1956 


y-Band 
Cytochrome Oxidized 566 1-0 529 1-2 407 0-214 
Reduced 550 521 1-7 415 13-0 
Cytochrome Oxidized 0-60 536 0-77 408 8-22 0-285 
Reduced 556 2-27 1-02 422 13-65 
Helicorubin Oxidized 0-72 535 0-83 8-2 0-285 
Reduced 2-05 530 1-06 427 12-45 
Keilin Slater (1953). Shoulder position only approximate. Asymmetric band. 
The untreated alkaline crude helicorubin 
470 500 550 600 650 700 750 showed diffuse centred 
(Fig. 13a) cooling showed double «-band with 
wider component 560 and very sharp 
narrow band 552 with some shading between 
very faint additional band appeared 
(Fig. 
acid solution (pH 4-4) the «-band room 
temperature showed the typical ‘acid doubling’, the 
two components the band lying about 563 
558 with considerable shading between them; 
the was about 530 (Fig. 13c). 
cooling, the «-band appeared two very sharp 
bands 560 and 551 with shading between 
them, and the about was 
(Fig. 
With purified helicorubin even more fine structure 
was revealed cooling (Fig. 13e). the temper- 
ature liquid air the consists two sharp 
470 500 550 600 650 700 750 bands separated clear space, the band 
560 being broader than that 552 mp. The 
Fig. 13. Effect low temperatures the absorption now centred about 526 and there 
spectra helicorubin and cytochrome seen with the additional very faint narrow bands 532, 519 
microspectroscope. (a) Untreated helicorubin, 8-0 512 This absorption spectrum given 
20°. (b) The same after cooling (c) Untreated both acid and alkaline solutions. 
helicorubin, 4-4 20°, showing ‘acid doubling’ the therefore seems likely that reduced heli- 
(d) The same (diluted) (e) Purified the always consists two com- 
helicorubin, 192°. (f) Purified cytochrome 192°. ponent bands both acid and alkaline solution, but 
haemoprotein mixed with equal volume that alkaline solution these two bands are 
glycerol were cooled liquid air and re-cooled after 
devitrification was complete (see text). probably less than apart and can 
resolved into their component bands only the 
The solution was then cooled liquid air 192°) With cytochrome the picture low temper- 
and allowed devitrify, and when the opacity somewhat different (Fig. There 
crystallization had set was cooled once great sharpening and intensification the «-band, 
stabilize this condition. Three types pigment which remains centred about 556 anda very 
were examined this way both acid and fine satellite band appears its short-wavelength 
solutions: untreated gastro-intestinal fluid 550 my. the 524 mu. 
helicorubin), purified helicorubin and purified very fine and faint bands appear 542, 532, 512 
cytochrome and 509 This absorption spectrum, which the 
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same both acid and alkaline solutions, resembles 
that cytochrome examined under the same 
conditions (Keilin Hartree, 1949). 


DISCUSSION 


the course the present investigation both the 
helicorubin from the gastro-intestinal fluid and 
from the digestive gland were iso- 
lated and obtained pure state haemoprotein 
The only impurity which remains 
these preparations polysaccharide which does 
not appear interfere with the study either the 
physicochemical the biological properties these 
haemoproteins. 

Cytochrome most likely represents the intra- 
cellular form helicorubin found the digestive 
gland, from which may secreted together with 
digestive enzymes and other products during the 
normal physiological activity the gland much 
the same way peroxidase, xanthine oxidase and 
other biologically important products are secreted 
milk the cells the mammary gland. During 
the secretory activity the digestive gland the 
give rise helicorubin. Although such trans- 
formation cytochrome has not far been ob- 
tained vitro, change the reverse direction was 
observed under certain conditions. Thus pro- 
days’ dialysis this pH, helicorubin was found 
acquire the electrophoretic and spectroscopic 
properties cytochrome but whether becomes 
identical with the latter all respects has not yet 
been ascertained. 

The most highly purified samples cytochrome 
and helicorubin each had ratio 0-285. 
These results were obtained from preparations 
where the ratio immediately before electro- 
phoresis was Material which this stage 
had ratio 1-0 never yielded any fractions 
with ratio less than about 0-34. This 
shows that electrophoretic fractionation has certain 
limitations and unable remove from the 
haemoprotein other protein material which should 
stages. Thus electrophoresis paper cannot 
used ‘short cut’ bypass any the previous 
steps the isolation the haemoprotein. 

was shown that the most highly purified pre- 
parations both helicorubin and cytochrome 
contained about 50% their dry weight poly- 
saccharide, yet these preparations showed single 
component the Spinco ultracentrifuge and 
moving-boundary electrophoresis between 
and although the polysaccharide was 
revealed second component. The value 
500 for the molecular weight cytochrome 
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from the sedimentation and diffusion 
coefficients, agreed with that calculated from the 
protein content the sample and from the concen- 
tration the pigment determined spectrophoto- 
metrically, assuming one atom haematin iron/ 
molecule haemoprotein. 

The problem which remains answered 
why only single boundary, that due the haemo- 
protein, observed ultracentrifuging and what 
happens the polysaccharide under these condi- 
tions. answer this the following two tentative 
suggestions can considered: (1) The polysac- 
charide may have sedimentation coefficient the 
same order that the haemoproteins, and judging 
from the shape the single sedimentation boundary 
unlikely very asymmetrical molecule. 
(2) The polysaccharide may polydisperse 
not give any definite boundary. 

The problem will solved only when the haemo- 
protein completely separated from the polysac- 
charide. this respect paper electrophoresis 
alkaline buffer, e.g. offers some promise, 
but possible that ultimately better methods 
may found. is, however, clear this stage 
that the polysaccharide does not form part the 
haemoprotein molecule. 

The diffusion coefficient helicorubin has not 
been determined, but its sedimentation co- 
efficient and other properties are very similar 
that the molecular weight helicorubin also 
the region 18000. 

Although several cytochrome components have 
been isolated soluble form, appropriate that 
this stage the physical properties cytochrome 
and helicorubin should compared only with those 
cytochrome since this the component 
animal origin which has been most extensively 
studied (Table 3). 

Like cytochrome both and helico- 
rubin are small molecules each containing one 
atom iron/molecule. will remembered that 
early estimations the molecular weight cyto- 
chrome gave values 600 (Svedberg, 1937), 
and was only after the haemoprotein had been 
more extensively purified that the lower value 
000 was found (Pedersen, 1951). Recently the 
problem was reinvestigated Ehrenberg 
Paléus (1955), who found variation the sedi- 
mentation coefficients horse and cytochrome 
according the method preparation used; thus 
for horse cytochrome containing Fe, 
1-34, whereas preparations containing be- 
1-61 and 1-55, giving values f/f, 
Since these were 
obtained with Spinco analytical ultracentrifuge 
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Table Comparison the physical properties helicorubin, cytochrome and mammalian cytochrome 


Property Cytochrome Cytochrome Helicorubin 

Colour, oxidized Orange red Orange red Orange red 
Colour, reduced Salmon pink Rose pink Rose pink 
Position absorption bands 

Oxidized form: Soret 407 408 

Reduced form: and 550, 521 556, 561-5, 530 

Soret 415 422 427 

1-83* 1-73 1-62 (av.) 
Mol.wt. 000* 500 
1-29* 1-44 
Partial sp.vol. 0-707* 0-73 (assumed) 
point 10-65+ <pH <pH 
Thermostability 70° for min. Stable Stable Stable 


Pedersen (1951). 


the data given Tables and for cytochrome 
and helicorubin may more appropriately com- 
pared with these results than with those previously 
obtained for cytochrome Pedersen. may well 
that, the sedimentation and diffusion co- 
efficients are redetermined for cytochrome which 
has been freed carbohydrate and has been further 
purified, somewhat different values for the mole- 
cular weight may obtained. 

the oxidized form, cytochrome and helico- 
rubin are the same colour cytochrome but 
reduction their colour rose pink whereas 
reduced cytochrome salmon pink. Although 
the absorption spectra reduced cytochrome and 
helicorubin (Figs. 11, and Table closely 
resemble that cytochrome (Keilin Slater, 
1953) they differ several respects: (1) The «-, 
and Soret absorption bands reduced helicorubin 
and cytochrome are longer wavelengths than 
the corresponding bands reduced cytochrome 
(2) The extinction coefficients the and 
and helicorubin both the oxidi- 
dized and reduced forms and the Soret band the 
oxidized form are lower than the corresponding 
bands (3) The (in the 
oxidized form the pigment), though present 
about cytochrome and about 
360 helicorubin, not well defined that 
eytochrome (346 (4) The protein band 
cytochrome always shows the presence com- 
ponent bands about 282, 276 and 
whereas both cytochrome and helicorubin show 
only smooth curve with its maximum 276 

The chief difference between the physical pro- 
perties helicorubin and cytochrome lies the 
fact that all the absorption bands helicorubin are 
nearer the red end the spectrum than are the 
the «-band reduced helicorubin has, slightly 
acid solution, two components 563 and 558-5 
whereas alkaline solution only one, slightly 
asymmetric band seen. 


Theorell Akesson (1941). 


the temperature liquid air both crude and 
purified helicorubin both acid and alkaline 
solutions show two separate components the 
but cytochrome under the same conditions 
shows single «-band with ‘satellite’ band beside 
does cytochrome was recently shown 
Keilin Hartree (1955) that the maxima two 
absorption bands are less apart, they 
cannot resolved spectrophotometrically, but 
that the two component bands can clearly seen 
after they have become sharper the temperature 
the «-band has two components, which are centred 
more from each other acid material 
but are situated closer each other alkaline 
solution. The significance these two components 
and the changes their positions relative each 
other cannot yet explained. Cytochrome 
another acidic type cytochrome which found 
plants, shows somewhat similar effect (Davenport 
Hill, 1952). Here the the reduced 
pigment lying 555 becomes progressively 
more asymmetrical with rise (as seen with 
into two components, sharp band 556 and 
weaker band 551 these bands can then 
resolved spectrophotometrically. this case, too, 
explanation can offered for the effect 
the spectrum. 


pre 


far has been found that the cytochromes 


different animals are basic proteins. The only acidic 
type haemoprotein which has been described 
cytochrome plants, which has 
point (Davenport Hill, 1952). The iso- 
electric points helicorubin and cytochrome have 
not been determined accurately, but each case 
they were found lie below 4-3, helicorubin 
being the more acidic the two haemoproteins. 
view these findings would great interest 
determine and compare the amino acid composition 
these proteins and the mode linkage the 
group the protein. 
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Although helicorubin has been known for almost 
eighty years, was generally considered the 
textbooks and reviews merely biological 
curiosity now that has been shown closely 
related the study the structure 
and biochemical properties these two haemo- 
proteins may prove great help similar 
studies cytochrome components well other 
haemoprotein compounds. 
SUMMARY 
Helicorubin natural haemochromogen 
found free the gastro-intestinal tract snails and 
some other invertebrates. Since its discovery 
Sorby 1876 the only studies that have been made 
its properties were carried out crude material 
ine very impure preparations 
described here for the purification 
this haemoprotein from the gastro-intestinal 
ide fluid the edible snail (Helix pomatia). 
very similar haemochromogen, present 
the tissues the gastric gland (hepatopancreas) 
the snail, has also been isolated and obtained 
greatly purified state. view the intracellular 
localization this haemochromogen and some 
its properties, described here under the name 
cytochrome 
Preparations helicorubin and cytochrome 
‘ial were obtained which gave single 
ine boundaries the haemoproteins the ultra- 
nts centrifuge and electrophoresis the Tiselius 
apparatus. Although these preparations 
contain variable concentrations polysaccharide 
its presence not revealed these 
ort experiments. 
Evidence that the polysaccharide does not 
ely part the haemoprotein molecules, and 
ith possible method for the complete separation the 
red polysaccharide from the haemoproteins, are dis- 
cussed. 
The molecular weight helicorubin and 
cytochrome from the sedimentation 
and diffusion constants well from the iron and 
protein contents the preparations about 
500. 
dic} Helicorubin and cytochrome are both acidic 
their isoelectric points lying below 
they can, however, separated electro- 
phoretically from mixture, helicorubin being the 
more acidic the two. 
Helicorubin and cytochrome each contain 
bin atom iron/molecule. 
In} Both haemoproteins are capable under- 
going oxidation and reduction: the reduced and 
ion states the absorption spectra are typical 
spectively. 
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10. Their absorption bands, when compared with 
those the cytochrome components, are seen lie 
much nearer the position those 
than cytochrome The absorption bands 
helicorubin lie longer wavelengths than the 

11. Helicorubin and cytochrome like cyto- 
chrome but unlike other known components 
cytochrome, are heat-stable haemoproteins. 

12. Helicorubin and cytochrome unlike cyto- 
chrome not combine with carbon monoxide 
any pH. 

13. Helicorubin, which always found free 
solution the gastro-intestinal fluid snails, 
intimately connected with the cytochrome 
present the cells the digestive gland, and 
probably represents slightly modified form 
cytochrome liberated with other substances 
during the normal secretory activity this gland. 

Helicorubin, which was hitherto considered 
merely biological curiosity, fact extra- 
cellular form component which 
shares many its properties with the typical com- 
ponents the cytochrome system, including the 
ability react with biological oxidation—reduction 
systems which will dealt with later paper. 


The greater part this work was carried out while the 
author was holding Beit Memorial Research Fellowship. 
wish thank Mitchell for spectrographic exami- 
nation the haemoproteins for metals; Kekwick 
and Caspary for examining one the preparations 
the ultracentrifuge and for their valuable advice concerning 
the determination the sedimentation and diffusion 
coefficients; Markham for helpful suggestions 
connexion with the calculation the diffusion coefficient; 
and Rees for confirming the protein-nitrogen 
estimations. Thanks are also due Boon for 
technical assistance with the ultracentrifuge runs and 
Slater for his valuable assistance with the diffusion 
measurements and for carrying out the electrophoretic 
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Toxic Liver Injury 
THE METABOLISM DIMETHYLNITROSAMINE 
MAGEE 


Toxicology Research Unit, Medical Research Council Laboratories, Woodmansterne Road, 
Carshalton, Surrey 


(Received May 1956) 


previous paper (Barnes Magee, 1954) di- 
was shown cause acute centri- 
lobular necrosis the liver the rat, mouse, 
guinea pig, rabbit and dog, when given doses 
the order body weight. gross 
abnormality was found organs tissues other 
than the liver. long-term feeding experiments, 
when was added the diet 
rats level parts per million, high incidence 
malignant hepatic tumours occurred, with 
evidence primary tumours elsewhere. similar 
experiments with rabbits tumours were produced 
(Magee Barnes, 1956). 

appears that dimethylnitrosamine highly 
specific liver poison, and the present paper describes 
experiments which were performed the hope 
throwing some light the mechanism this 
specificity. polarographic method for the esti- 
mation dimethylnitrosamine tissues and body 
fluids has been developed this Laboratory (Heath 
Jarvis, 1955) and this method was used study 
the distribution the compound the animal body 
after administration, and its excretion. 


METHODS 


The animals used were albino rats the Porton strain, mice 
the Chester Beatty strain and commercially ob- 
tained albino mice, and cross-bred rabbits. The rats and 
mice were maintained M.R.C. diet (Bruce Parkes, 
1949) and the rabbits M.R.C. diet (Bruce, 1947). 
Dimethylnitrosamine, when given orally, was diluted with 
water and administered metal cannula attached 
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syringe. For parenteral administration dilution was with 
NaCl. Intravenous injection was tail vein rats 
and ear vein rabbits, both procedures being without 
anaesthesia, unless otherwise stated. The compound was 
estimated tissues and body fluids the polarographic 
method Heath Jarvis (1955). determinations the 
total body content dimethylnitrosamine rats the 
animals were killed intraperitoneal injection pento- 
barbital (Veterinary Nembutal, Abbott) and immediately 
frozen immersion liquid N,. The rats were then trans- 
ferred bucket and fragmented percussion with 
heavy brass ram-rod. The fragments were disintegrated 
Atomix blender (Measuring and Scientific Equipment Ltd., 
London, 1), and the resulting tissue suspension was 
made known volume and centrifuged. 
nitrosamine was estimated suitable portion the 
supernatant fluid. similar procedure was used for whole 
mice except that they were killed cervical dislocation, 
and was found possible disintegrate them the blender 
without preliminary freezing. experiments the 
excretion dimethylnitrosamine, rats were placed con- 
ventional metabolism cages constructed metal coated with 
bakelite. Urine and faeces were collected separately 
means glass separator. Total hepatectomy was per- 
technique (Cheng, 1951). The second stage the operation 
the previously prepared animals was carried out under 
ether anaesthesia. Control animals similar weight 
that the hepatectomized rats underwent sham opera- 
tion, which the abdomen was opened and closed. Di- 
methylnitrosamine was injected intravenously into the 
hepatectomized and the sham-operated control rats 
operation, while they were still under anaesthesia. Total 
nephrectomy rats was performed Barnes, and 
again control animals underwent sham operation, both 
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procedures being carried out under ether anaesthesia. 
Blood samples were obtained from ear vein rabbits 
without anaesthesia and from the inferior vena cava, 
means syringe, rats immediately after they had been 
killed with coal gas. Heparin was always used anti- 
coagulant. Plasma was separated from red cells centri- 
fuging, and dimethylnitrosamine was determined known 
volumes plasma, red cells and whole blood respectively. 
Dialysis ml. samples rat plasma was carried out 
cellophan sacs against 51. NaCl, for hr. 2°, 
with mechanical stirring. 


RESULTS 
Metabolism dimethylnitrosamine 


Recovery dimethylnitrosamine from the whole 
animal. Twelve mice weighing were given mg. 
dimethylnitrosamine (purified distillation, 
b.p. 151°) orally. Three were killed immediately and 
analysed for dimethylnitrosamine. The remaining 
nine animals were placed glass beakers that all 
excreta could collected and were killed groups 
0-5, and hr. after injection. Immediately 
after death each animal, together with any excreta 
produced during the experimental period, was 
analysed. shown Table good recovery 
the total dose was obtained zero time, and the 
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amounts dimethylnitrosamine recovered fell off 
quite uniformly with time, until hr. none was 
recovered. 

second experiment, rats were given orally 
mg. dimethylnitrosamine/kg. body wt. One 
was killed immediately intraperitoneal Nem- 
butal and the remainder and 24hr. after 
injection. Again good recovery was obtained 
zero time, the amount the compound recovered 
fell off with time, and none was found 
(Table 1). 

dimethylnitrosamine. Two rats were 
each given 10mg. dimethylnitrosamine orally 
(50 mg./kg. body wt.) and were placed the same 
metabolism cage. Urine and faeces were collected 
known times after injection and analysed for 
dimethylnitrosamine. similar experiment two 
pairs rats were given 100 mg. dimethylnitros- 
amine (500 mg./kg. body wt.) intravenously, and 
the combined urine from each pair was analysed 
after hr. The results are shown Table 

These results suggested either that the compound 
was metabolized the animal that became 
combined with tissue constituent such way 
that could longer extracted with sulpho- 
salicylic acid. The latter possibility was not easily 


Table Recovery dimethylnitrosamine from the whole animal 


and mice received mg. dimethylnitrosamine/kg. body wt. orally. all cases, except the rat killed hr. 
after administration, excreta during the experimental period were included with the whole animal for analysis. 


Mice 
A 


Rats 


A 


Dimethylnitrosamine recovered, 
percentage injected dose 
AW 


Time after 


Dimethylnitros- 


Time after amine recovered, 


animals (min.) Mean Range animals (hr.) injected dose 


Expt. one pair rats received mg. body wt. orally, providing total mg. for 
excretion. Expt. two pairs rats received 500 mg. dimethylnitrosamine/kg. body wt. intravenously, providing 


200 mg. for excretion from each pair. 


Expt. 
Dimethylnitrosamine recovered 
Time after 
injection 
(hr.) Urine Faeces 
sample 
sample 
208 Nil 
Nil Nil 
Total 334 
Percentage total 1-7 


injected dose 


Expt. 


= 
Dimethylnitrosamine recovered 
(from urine only) 
injection First pair Second pair 
(mg.) (mg.) 
9-45 21-87 


injected dose 


ith 
vas 
hic 
the 
ely 
ted 
td., 
the 
der 
age 
to 
Di- 
the 
at 
otal 
and 


678 


MAGEE 


1956 


Table Recovery dimethylnitrosamine from rats which had undergone various experimental procedures 


All animals received mg. dimethylnitrosamine/kg. body wt. intravenously. 


Experimental procedure 
Total hepatectomy. Controls sham-operated. 
injected operation 
Total nephrectomy hr. before injection 
dimethylnitrosamine. Control sham-operated 
Total nephrectomy hr. before injection 
dimethylnitrosamine. Control sham-operated 
Dimethylnitrosamine mg./kg. body wt. orally 
before injection second dose intravenously. 
Two normal rats controls 


Time after 


injection Percentage injected dose 


dimethylnitros- recovered from whole animal 
amine 
(hr.) Experimental Control 


investigated, since procedures adequate degrade 
the main tissue components would also cause 
chemical breakdown Alka- 
line hydrolysis the acid-extracted tissue residue 
was the method choice, since 
more resistant alkali than acid. Liver froma 
rat killed hr. after oral dose mg./kg. body 
wt. was extracted with sulphosalicylic acid the 
usual way, and the residue was re-extracted until 
the washings longer contained detectable di- 
methylnitrosamine. This residue was then sus- 
pended ml. water, which was added 
KOH, and the mixture was refluxed for 2-5 hr. 
The resulting digest was analysed. 
experiment was done with two mice, which were 
killed min. after receiving mg. dimethyl- 
nitrosamine/kg. body wt. intraperitoneal in- 
jection. this experiment the livers and also the 
rest the bodies were acid-extracted separately and 
the residue was refluxed with KOH for hr. Small 
quantities dimethylnitrosamine were recovered 
from the acid extracts, but none from the alkaline 
digests. 

control experiment duplicate samples con- 
taining dimethylnitrosamine were refluxed 
with KOH the same concentration for hr., after 
which and respectively were recovered. 
Since little 0-25 dimethylnitrosamine/ml. 
sample can detected the polarographic 
method, under the conditions the experiment not 
more than could have been present com- 
bination resistant acid extraction. These results 
suggested that the greater part, not all, the 
injected dose was metabolized, apart from the 
small amount excreted the urine. 

investigate the site metabolism 
dimethylnitrosamine. Two rats which had undergone 
total hepatectomy were given mg. 
nitrosamine/kg. body wt. intravenously, and two 
other animals received the same dose after sham 
operations. The hepatectomized rats were killed 


Table Effect SKF 525A the metabolism 
dimethylnitrosamine the mouse 


The animals received oral dose SKF (mg./kg. 
body wt.) indicated, followed intraperitoneal in- 
jection mg. dimethylnitrosamine/kg. body wt. 
min. later, and were killed after further min. 


Recovery 
dimethylnitrosamine 
from whole mouse 
Dose SKF 525A injected dose) 


100 
100 
200 
400 


and hr. respectively after injection dimethyl- 
nitrosamine, and the controls were killed the 
same times. The total body content the compound 
the four animals was determined. shown 
Table the amount the compound recovered 
from the hepatectomized animals suggested that 
none had been metabolized, was well within the 
range error the method. The control animals, 
the other hand, showed substantial loss spite 
the immediately preceding anaesthetic and ab- 
dominal incision. The effect previous damage 
the liver was investigated giving rat mg. 
dimethylnitrosamine/kg. body wt. orally, dose 
sufficient produce extensive necrosis (Barnes 
Magee, 1954), and then, 24hr. later, mg./kg. 
intravenously. Two control animals were given the 
same dose intravenously, and all three were killed 
6hr. later. The percentage recoveries shown 
Table indicate that previous damage the liver 
causes considerable reduction the rate which 
dimethylnitrosamine disappears from the body. 
The effect total nephrectomy was then tried. One 
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nephrectomized and one control animal were given 
mg. dimethylnitrosamine/kg. body wt. intra- 
venously hr. after the operation and killed hr. 
after the injection. The other nephrectomized 
animal and its control received the same dose hr. 
after operation, and were killed hr. later. will 
seen from Table that total nephrectomy 
reduces the rate disappearance dimethylnitros- 
amine only slightly, and that virtually none was 
recovered hr. after administration. These experi- 
ments strongly suggested that the liver the most 
important, perhaps the only, site metabolism 

Effect 2-diethylaminoethyl diphenylpropylacetate 
hydrochloride (SKF 525A) the metabolism di- 
methylnitrosamine the whole animal. Two mice 
were given 100 mg. SKF 525A/kg. body wt. 
water orally and min. later mg. 
nitrosamine/kg. body wt. intraperitoneally. Two 
control mice received the same treatment except 
that water replaced the SKF 525A. another 
experiment two mice received 200 and 400 mg. 
SKF 525A/kg. body wt. respectively, followed 
the same dose dimethylnitrosamine before. 
The amounts recovered from the whole mice are 
shown Table 


Distribution dimethylnitrosamine the body 


Recovery dimethylnitrosamine from tissues and 
organs. Four rats were given mg. dimethyl- 
nitrosamine/kg. body wt. and were killed intra- 
peritoneal Nembutal 0-5, and hr. respectively 
after injection. Various organs, indicated 
Table were removed and analysed individually. 
The remainder the carcass was also analysed. 
From the results shown Table was concluded 
that the compound was distributed throughout the 
organs and tissues the body. another experi- 
ment, two rats were given mg./kg. body wt. and 
the concentration some organs was compared 
with that the blood 4hr. after injection. The 
results are also shown Table where can 
seen that the concentrations are again very similar, 
including that the blood. This experiment indi- 
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cated that the dimethylnitrosamine found the 
various organs could not have been due merely 
their content blood. 

The distribution between plasma and red cells 
was studied rats and rabbit, all which 
received 500 mg. dimethylnitrosamine/kg. body 
wt. intravenously. Blood was taken from the rats 
hr. and from the rabbit min. and hr. after 
injection. The concentrations dimethylnitros- 
amine red cells, plasma and whole blood were 
about equal. 

Recovery dimethylnitrosamine from the circu- 
lating blood. rabbit weighing 1-6 kg. was given 
80mg. dimethylnitrosamine intravenous 
injection. Blood for analysis was withdrawn 
intervals from ear vein. Fig. shows log (concen- 
tration dimethylnitrosamine) plotted against 
time. There rapid initial reduction concentra- 


blood) 


Time (hr.) 


circulating blood rabbit weighing 1-6 kg. after the 
intravenous injection mg. the compound. 


Table Distribution dimethyln itrosamine tissues and organs 


Rats were given mg. dimethylnitrosamine/kg. body wt. intravenously. 


Time 
after 
No. 
Expt. animals (hr.) Blood Liver Kidney 


dimethylnitrosamine tissues wet wt.) 


Spleen Brain lungs tract Carcass 
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tion followed more gradual and linear fall. 
extrapolation zero time this line cuts the ordinate 
amine/ml. blood. 

Possibility binding dimethylnitrosamine 
plusma protein. Rat plasma ml.) was dialysed for 
dimethylnitrosamine had been added make 
concentration Analysis showed that 
the final concentrations dimethylnitrosamine 
the fluid the sac and the surrounding fluid were 
and respectively. another experi- 
ment, blood was taken from rat which had been 
given 500 mg. dimethylnitrosamine/kg. body wt. 
intravenously previously. The plasma was 
separated and dialysed against 0-9 NaCl under the 
same conditions before. The initial concentration 
dimethylnitrosamine found inside the sac was 
672 and the final concentration was zero. 
was concluded that dimethylnitrosamine not 
bound plasma protein. 


DISCUSSION 


The results the experiments the recovery and 
excretion dimethylnitrosamine from the whole 
animal strongly suggest that the compound 
rapidly metabolized. The assumption that satis- 
factory recovery dimethylnitrosamine from the 
tissues can obtained extraction with sulpho- 
salicylic acid based the work Heath 
Jarvis (1955), who studied the addition the com- 
pound tissue minces vitro and also recovery 
from the whole animal immediately after injection. 
possible explanation for the progressive decrease 
the amount recovered from the whole animal 
that becomes bound tissue constituent such 
way longer extractable with the acid. 
When mouse liver and remaining carcass were re- 
fluxed with strong alkali after thorough extraction 
with sulphosalicylic acid, further recovery was 
obtained. The conditions used would cause saponi- 
fication the fat and considerable, not complete, 
hydrolysis the protein, well some destruction 
the dimethylnitrosamine itself. the nature 
the experiment, conclusions can only drawn 
within the limits sensitivity the method, and 
may said that probably not more than the 
injected dose can have been bound tissue con- 
stituents. This, course, would not apply form 
combination resistant the alkali treatment. 
Probably some dimethylnitrosamine lost through 
the lungs, but seems unlikely that the proportion 
the total dose excreted this way can very 
large. This assumption supported the very 
high recovery obtained from the rats whose livers 
had been removed (Table 3). 

Dutton Heath (1956), this Laboratory, have 
treated rats and mice with dimethylnitrosamine 
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labelled with and have shown that large 
fraction the radioactivity can recovered 
expired carbon dioxide. This provides conclusive 
evidence that the compound is, fact, metabolized. 

The almost complete recovery the injected dose 
from the totally hepatectomized rats suggests 
dominant, not exclusive, role for the liver the 
metabolism the compound. Such experiment 
is, course, impossible control adequately, and 
might that removal the whole liver could lead 
such general depression the animal that extra- 
hepatic metabolism dimethylnitrosamine would 
reduced undetectable levels. More dimethyl- 
nitrosamine was recovered from the controls the 
hepatectomized rats than from normal animals, 
This slower rate disappearance the compound 
probably related the immediately preceding 
general anaesthetic and abdominal incision. Birnie 
Grayson (1952) have shown that general an- 
aesthesia causes reduction liver temperature and 
liver blood flow the rat, and that several hours 
elapse before normal conditions return. 
Stoner (unpublished work) has shown that ab- 
dominal incision exacerbates the changes due 
anaesthesia. The finding marked reduction the 
rate disappearance the poison from rats with 
previously damaged livers, coupled with the almost 
negligible effect removal the kidneys, con- 
sistent with the idea that the liver mainly re- 
sponsible for its metabolic alteration. Support for 
this conclusion provided the work 
Vandekar (unpublished work) this Laboratory. 
has found that dimethylnitrosamine disappears 
after addition rat-liver slices respiring but 
not after addition kidney, spleen brain slices. 

The experiments which dimethylnitrosamine 
was measured different organs and tissues not 
indicate any concentration the compound the 
liver which could held responsible for its 
action (Table 5). fact the amounts per unit 
weight tissue are remarkably similar most the 
viscera. The lower figures found the gastro- 
intestinal tract can probably explained the 
effect the intestinal contents, which might add 
the weight the sample without increasing the 
amount dimethylnitrosamine proportionately. 
This view supported the absence the com- 
pound the faeces. Similar reasoning could 
applied the effect bone and hair the carcass. 
The concentration the brain lower than the 
other viscera first, but later reaches the general 
level (Table 5); this probably due the 
brain barrier’. The concentration the blood was 
found closely similar that several the 
organs (Table and therefore apparent that the 
blood tissue could not account for the amount 
the compound found it. Further conclusions 
the distribution the body can drawn from the 


curve disappearance dimethylnitrosamine 
from the circulating blood the rabbit (Fig. 1). The 
initial rapid fall presumably represents equilibra- 
tion the compound the body well loss 
metabolism, and the second linear phase further 
metabolic loss. Both phases, course, must in- 
clude the small losses due excretion. Extrapola- 
tion the second part the curve zero time gives 
blood. Since the concentrations blood and 
plasma are about equal, this indicates concentra- 
plasma 93% assumed (Soberman, 1950). 
This figure may regarded the initial concentra- 
tion plasma water equilibration had been 
instantaneous, and may compared with the 
concentration that would expected the com- 
pound was uniformly distributed the total body 
water. value for total water the rabbit 
the body wt. (Soberman, 1950) taken and 
again immediate equilibration assumed, the con- 
centration would after injection 
dimethylnitrosamine into the rabbit 
weighing 1-6 kg. This excellent agreement with 
the value found extrapolation. Similar curves 
have been reported Soberman (1950) after the 
intravenous injection antipyrine rabbits. 
This compound was shown rapidly distributed 
throughout the total body water and, like 
nitrosamine, metabolized the animal. 
appears, therefore, that dimethylnitrosamine 
uniformly distributed throughout the body water 
and consequently that must penetrate into the 
tissue cells. this some explanation 
required for the occurrence selective damage 
the liver, since the compound must relatively 
innocuous the other cells. possible explanation 
that metabolite dimethylnitrosamine, formed 
only inside the liver cell, the toxic substance. This 
would present the liver higher concentration 
than elsewhere. Such metabolic process has been 
proposed Miller Miller (1953) for 
aminoazobenzene liver carcinogenesis, and also 
Nygaard, Eldjarn Nakken (1954) explain 
the specificity action thioacetamide the 
liver. previous paper (Magee Barnes, 1956) 
attention has been drawn similarities the 
pathological effects due p-dimethylaminoazo- 
benzene, thioacetamide and dimethylnitrosamine, 
both acute and chronic experiments. well 
known that many substances foreign the body are 
metabolized only the liver, and much recent 
work Brodie al. (1955) has shown that many 
these metabolic transformations, including several 
demethylation reactions, are inhibited the com- 
pound SKF 525A 
propylacetate hydrochloride) (Cook, Toner 
Fellows, 1954). The finding that this compound 
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inhibits the rate disappearance dimethyl- 
nitrosamine may significant (Table 4), but the 
dose required was high and may unspecific 
effect. 

recent years doubt has been cast the suit- 
ability the term ‘detoxication’ when applied 
the metabolism foreign substances. Thus Peters 
(1952) has developed the idea ‘lethal synthesis’ 
which innocuous substance may trans- 
formed into toxic one, rather than the reverse. 
For example, has been shown that the liver can 
convert schradan (OMPA) and parathion from weak 
into strong inhibitors cholinesterase (Myers, 
Mendel, Gersmann Ketelaar, 1952; Dubois, 
Doull Coon, 1950; Cheng, 1951). Similar ideas 
have been advanced Popper, Huerga 
Koch-Weser (1954), who suggested that the 
mechanism the liver necrosis due bromobenzene 
may ‘conditioned amino acid deficiency’ 
which the liver depleted sulphur-containing 
amino acids the excretion mercapturic acid, 
and that ‘the process detoxication such may 
become detrimental the liver’. 

The goal any investigation into pathological 
processes should the elucidation the ‘bio- 
chemical lesion’, defined Peters (1936). 
seems likely that the train chemical events leading 
the death the liver cell after administration 
the mechanism metabolism the compound. 
Since metabolism the compound probably starts 
immediately after injection (Table 2), the bio- 
chemical lesion may well occur equally early. 


SUMMARY 


The metabolism, distribution the body and 
excretion dimethylnitrosamine were studied 
after its administration rats, mice and rabbits. 
has been shown previously that this compound 
selective liver poison these species, and that can 
produce malignant primary liver tumours the 
rat. 

Evidence presented which suggests that 
dimethylnitrosamine rapidly metabolized, and 
that the liver the main, probably the only, organ 
concerned. 

The compound distributed uniformly most 
tissues the body, and there reason believe 
that penetrates into the intracellular space. There 
selective concentration the liver. 

propylacetate hydrochloride) inhibits the meta- 
bolism dimethylnitrosamine the mouse, but 
only when given large doses. 

The findings are discussed relation the 
pathogenesis the acute liver necrosis caused 
dimethylnitrosamine. 
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The Activity for Chicks some Vitamin B,,-like Compounds 


National Institute for Research Dairying, University Reading 


(Received April 1956) 


the last few years several compounds similar 
the cobalamins have been found nature; 
addition these, new analogues vitamin B,, 
have been produced guiding the biosynthetic 
activities certain micro-organisms. The prepara- 
tion, chemical nature and properties these sub- 
stances have been reviewed Kon (1955); they 
differ from the cobalamins the nature the 
nucleotide part the molecule. Since many 
them have growth-promoting activity for micro- 
organisms, was interest determine whether 
not they were use higher animals. The 
comparatively large amount material necessary 
for animal test limited the number samples 
those which could relatively easily 
prepared, but have been able test chicks 
five the benziminazole series, three purine 
derivatives, factor (which has nucleotide) and 
factor (of which the chemical constitution 
unknown). 


EXPERIMENTAL 


Substances tested 


Naturally occurring vitamin compounds. Factors 
and pseudovitamin were prepared from calf 
faeces. Vitamin later identified the 5-hydroxy- 
benziminazole analogue vitamin B,, (Robinson, Miller, 
McPherson Folkers, 1955; Friedrich Bernhauer, 1956), 
was isolated from sewage Friedrich Bernhauer (1953). 

Unnatural analogues vitamin were prepared 
‘shunting’ the biosynthesis vitamin B,, the addition 


the medium the appropriate intermediate (Fantes 
O’Callaghan, 1954; Ford, Holdsworth Kon, 1954). The 
samples tested were the analogues containing benzimin- 
azole, (or 6)-methylbenziminazole, 5:6-dichlorobenzimin- 
azole, 2:3-naphthiminazole 2:6-diaminopurine the 
nucleotide. 

Preparation for test. All these substances, with the ex- 
ception factor were purified repeated ionophoresis 
and chromatography and contained less than 
vitamin Factor and some early samples factor 
were purified chromatography only. Solutions the 
analogues were prepared and standardized measuring 
the absorption 361 the value wasassumed 
the same for cyanocobalamin. 


Biological tests 


Method and diet. general, the method Coates, 
Harrison Kon (1951) was followed. Rhode Island 
Red Light Sussex chicks were used, bred from hens given 
diet low vitamin B,,. Each experimental group con- 
sisted about 10-15 chicks mixed sexes. The test 
materials were given either intramuscular injection twice 
weekly were added the basal diet, which had the 
following percentage composition: ground maize, 
ground barley, 20; defatted soya grits, 35; dried grass, 
bone meal, 1-5; limestone flour, arachis oil, salt 
mixture, 0-7 (NaCl, 0-672 part; 0-028 part). 
each 100 diet were added vitamin (680 i.u.) and 
vitamin dissolved the arachis oil, and 
vitamin supplement consisting riboflavin (0-77 mg.), nico- 
tinic acid (5-5 mg.), biotin (0-02 mg.), folic acid (0-08 
thiamine hydrochloride mg.), pyridoxine hydro- 
chloride (0-44 mg.) and calcium pantothenate (1-65 mg.). 
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Exploratory tests. Each sample was submitted pre- 
liminary test give some indication its potency. One 
group birds received the basal diet alone and second was 
given the test substance level between and 
100 diet, according the amount material available. 
The growth response over weeks was compared with that 
cobalamin/100 diet. fourth group, given both 
cobalamin and the test substance, was included order 
detect any possible synergism antagonism between the 
two substances. the end the test the birds were killed 
and their livers were removed for chromatographic examina- 
tion (see below). 

Assays potency. Any substance showing vitamin B,, 
activity the exploratory test was submitted full-scale 
biological assay. The method was similar that Coates 
al. (1951) except that the chicks were kept for the first 
days the basal diet and their growth during this period 
was noted. Birds that grew abnormally fast slowly were 
culled and only those that grew medium rate were distri- 
buted the test groups. This preliminary culling has been 
found reduce appreciably the error the assays. Three 
four graded doses the test material were compared with 
three four graded doses cyanocobalamin, and the test 
period weeks. The final weight the chicks was used 
the calculations potency and true fiducial limits, which 
were recommended British Standards Institution 
(1940). 

Preparation liver extracts 


The pooled livers from group chicks were homogenized 
with equal weight water. this homogenate ml. 
was poured into 150 ml. boiling acetate buffer 
(pH containing 0-01% KCN, and the liquid was 
filtered. The filtrate was treated with two portions 
decolorizing charcoal (Norite, British Drug Houses Ltd.), 
stirred for min. 60° and centrifuged. The factors 
adsorbed the charcoal were eluted refluxing twice with 
ml. portions acetone parts acetone: 
part water containing 0-03% KCN). The acetone 
extract was concentrated under reduced pressure ml. 

Chromatography and ionophoresis liver extracts. 
Portions (0-01 ml.) the liver extracts were examined 
chromatography (Holdsworth, preparation) and iono- 
phoresis acetic acid (Holdsworth, 1953). The position 
the factors the chromatogram was revealed bio- 
autographic technique with Bacterium coli 113-3 (Ford 
Holdsworth, 1952). 


VITAMIN ANALOGUES GROWTH CHICKS 


RESULTS 


Naturally occurring vitamin factors 


5-Hydroxybenziminazole analogue (vitamin 
the naturally-occurring vitamin B,,-like sub- 
stances only the 5-hydroxybenziminazole analogue 
showed any activity for the chick. Its potency 
given Table 

Factor Factor was tested several times 
mouth and injection. Occasionally, very slight 
activity the order less was detected, but 
possible that was due the presence active 
impurities, particularly the early samples that had 
not been purified electrophoresis. 

Pseudovitamin The mean weights birds 
given mouth, are shown Table Pseudo- 
vitamin B,, given alone depressed growth signific- 
antly below that the negative controls one 
three occasions. Also, reduced significantly the 
growth-promoting effect vitamin when given 
simultaneously with the ratio 100:1. 
such antagonism was observed when the two sub- 
stances were given injection. 

Factor several tests factor similar 
antagonism vitamin was observed when the 
two were given mouth but not when they were 
injected. 

Factor Factor reduced the effect vitamin 
mouth, and injection the one occasion 
which was tested; shortage material pre- 
vented further investigation. 

Summary results. The results all tests the 
naturally occurring vitamin B,,-like substances are 
summarized Table 


Unnatural analogues vitamin 


Results assays unnatural analogues 
vitamin B,, are given Table those tested, all 
the benziminazole derivatives proved active, but the 
only purine derivative tested, that diamino- 
purine, showed activity. 


Table Growth activity for chicks the 


Substance tested Nucleotide base 


Factor 2-Methyladenine 
Factor None 
Factor Not known 


Pseudovitamin Adenine 


5-Hydroxybenziminazole 


Vitamin 


True fiducial limits =0-95. 


naturally occurring vitamin factors 


Activity, expressed where possible percentage 


A 


mouth injection 


Inactive 


Antagonism vitamin B,, 
dose 


Antagonism vitamin 
dose 


Antagonism vitamin B,, 
100 dose 


3-9 


Antagonism vitamin 
dose 


Inactive 


(1-4 
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Chromatography liver extracts 


was clear from chromatograms liver extracts 
that the substances tested reached the liver. 
Chromatograms extracts from livers birds that 
received the benziminazole, the (or 6)-methyl- 
benziminazole, the 5:6-dichlorobenziminazole 
the naphthiminazole analogues showed the presence 
the corresponding compounds that were all active 


for chicks. There was little change the 


Table 


COATES AND OTHERS 


Mean weights chicks given (by mouth) vitamin pseudovitamin both 


1956 


amounts vitamin B,, the livers, suggesting that 
the compounds were active per and not through 
conversion into vitamin typical 
gram from test one the active analogues (that 
with benziminazole) shown Fig. la. 

When pseudovitamin factor was given 
simultaneously with vitamin B,, mouth, less 
vitamin was detectable chromatograms the 
liver extracts than when the same dose vitamin 
was given alone. example this type 


Least 
Pseudo- difference 
Vitamin vitamin Initial values Final values (g.) 
Expt. 100 100 Age Wt. Age Wt. cance 
no. Final* diet) (days) (g.) (weeks) mean 


The differences numbers birds are due deaths during the experiment. 


numbers birds remaining the end the experiment. 
comparisons within bracketed pairs. 


Table Results chick assays unnatural analogues vitamin 


Statistical analyses were done 


Activity expressed percentage 
that vitamin 


Route No. True fiducial Limits 
Analogue tested tration Standard Test P=0-95 value P=0-95 
azole 
Injection 160 90, 535 
114 75, 179 
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that chromatogram (pseudovitamin shown 
Fig. 1b. Factor differed slightly from pseudo- 
ato. vitamin B,, that, although appeared 


tself were deposited the liver. 


DISCUSSION 


Inly relatively few the possible analogues 
have been tested chicks and 
herefore not permissible draw any general con- 
the relationship between chemical con- 
stitution and biological activity. However, within 
limits these experiments certain facts emerge. 


the ten analogues tested, five showed vitamin 

ce 

activity and each these contained benziminazole 

ifi- the nucleotide. The benziminazole analogue has 

been reported Briggs Spivey Fox (1955) 

have the activity vitamin but our own 
result somewhat higher (23%). Introduction 
one methyl group into the (or position two 
into the and positions the benziminazole 
nucleotide gave progressive increase vitamin 

> on 


Factor Vitamin 


Fig. Bio-autographs extracts livers from 
with and without vitamin (a) Benzi 


VITAMIN ANALOGUES 


Direction development 
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activity, vitamin B,, itself being the dimethyl- 
Similarly, chlorine groups 
the and positions increased activity that the 
dichlorobenziminazole analogue was almost 
vitamin when both were given mouth, 
and even slightly more active than vitamin 
when both were given injection. The size the 
group introduced positions and seems bear 
relation biological activity, since addition 
another aromatic ring, giving the naphthiminazole 
compound, also increased the activity nearly that 
vitamin B,,. The only member the series 
show less activity than the benziminazole analogue 
was the 5-hydroxy derivative (vitamin 
Since all the active analogues appeared quantity 
the liver and did not apparently increase liver 
stores vitamin B,,, likely that they had 
vitamin B,, activity per and did not become con- 
verted into vitamin the tissues. The higher 
activity both the dichlorobenziminazole and 
naphthiminazole analogues when given injection 
than when given mouth, although not quite 


Factor Pseudovitamin 


Markers 


Benziminazole analogue 


Benziminazole analogue 


Vitamin 


None 
1a 


Pseudovitamin 
vitamin 


Additions basal diet the chicks 


Pseudovitamin 


Vitamin 
None 

Markers 


Pseudovitamin 


Direction development 


chicks given (by mouth) analogues vitamin B,, 
minazole analogue; pseudovitamin 


iven 
less 
min 
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suggests that they might less efficiently absorbed 
from the gut than vitamin B,,. 

Most the naturally occurring vitamin 
factors contain purine nucleotides; two them, 
factor and pseudovitamin constitute about 
70% the vitamin B,,-like substances rumen 
contents and faeces (Ford, Kon Porter, 1952). 
Neither was active for the chick, and fact, when 
given mouth, pseudovitamin appeared 
compete with vitamin B,, the absorption process. 
such antagonistic effect was observed with 
factor (the 2-methyladenine analogue). 
seemed possible that the antagonism was connected 
with the presence the amino group and was 
mitigated the group the position. 
such event the introduction second amino group 
might increase antagonism, especially since 2:6- 
diaminopurine known antagonist nucleic 
acid metabolism. However, the diaminopurine 
analogue proved have neither antagonism nor 
activity. Since neither pseudovitamin B,, nor factor 
would seem that neither true antimetabolite 
that vitamin. more likely that when given 
sufficient quantity they interfere with the uptake 
vitamin B,,, possibly competing for ‘intrinsic 
factor’ some other essential component the 
mechanism absorption vitamin from the 
gut. This hypothesis supported our finding less 
liver storage vitamin B,, the birds given pseudo- 
vitamin B,, factor contrast these two 
factors, factor was antagonistic vitamin 
mouth and injection, but there was only 
sufficient for one trial and liver chromatograms 
were made would unwise place much reliance 
this one result alone. 

Although vitamin B,, deficiency the chick 
not accompanied any haematological change and 
has little common with 
anaemia, marked similarity can observed 
between the results chick-growth tests and the 
response patients with pernicious anaemia. For 
instance, factors and and pseudovitamin are 
ineffective pernicious anaemia (Bernhauer 
Friedrich, 1954) and are similarly inactive for 
chicks. (We understand from Marshall 
Chalmers that tests with factor believed 
pure sample, obtained small response 
pernicious anaemia. This finding would agree with 
the occasional slight growth activity factor for 
chicks.) 

the analogues active for chick growth, four 
have been clinically tested and all produced 
haematological response pernicious anaemia. 
These were the 5-hydroxybenziminazole compound 
(Bernhauer, Blumberger Petrides, 1955; Brown, 
Cain, Gant, Parker Smith, 1955), the benzimin- 
azole derivative (Fantes O’Callaghan, 1954, 1955) 


COATES AND OTHERS 


1956 


and the dichlorobenziminazole and 
azole derivatives (Fantes O’Callaghan, 1956). 
some the biochemical reactions which vitamin 
involved are common haematopoiesis 
man and growth young animals, the chick 
assay may useful indication the possible 
activity pernicious anaemia vitamin 
substance. 
SUMMARY 


Ten analogues vitamin have been tested 
for vitamin B,, activity chick growth. 

The only naturally occurring analogue show 
activity was the 5-hydroxybenziminazole derivative 
(vitamin which had 4-5% the activity 
vitamin 

Four analogues containing benziminazole 
the nucleotide also had vitamin B,, activity; they 
were the analogues with benziminazole 
monomethylbenziminazole 
benziminazole and naphthiminazole (the last two 
almost active vitamin B,, itself). 

Pseudovitamin and factor large 
doses mouth, but not injection, reduced the 
effect vitamin given simultaneously. 
single test factor showed similar antagonism when 
given mouth injection. 

Factor and the diaminopurine derivative 
were inactive, but not antagonistic vitamin 


are very grateful Professor Bernhauer for 
sample vitamin and members the research staff 
Glaxo Laboratories Ltd., Greenford, Middlesex, for some 
the natural and unnatural analogues vitamin 
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Studies the enzymic and chemical properties 
microsomes and mitochondria isolated differ- 
centrifuging dispersions white petioles 
silver beet (Beta vulgaris) have been reported 
previously (Martin Morton, 1956a, b). active 
cytochrome reductase system, with reduced di- 


(and tri-)phosphopyridine nucleotides (DPNH and 
TPNH) substrates, was found associated 
with the beet microsomes. This system was un- 
affected the antibiotic antimycin The micro- 
somes showed negligible succinic dehydrogenase 
activity. contrast, the mitochondria had anti- 
mycin A-sensitive succinic dehydrogenase system, 
reductase system which was partially inhibited 
antimycin The microsomes contained slightly 
more ribonucleic acid phosphorus (RNA-P) than the 
mitochondria, and about three times the lipid 
phosphorus these particles. 

The white petiole silver beet was chosen for 
these studies largely the basis enzymic 
activities and the the material 
(Martin Morton, However, this 
relatively dormant plant tissue, essentially struc- 
tural nature. extend the investigation 
distinctly different and rapidly growing tissue, 

similar studies have now been carried out the 
roots germinating wheat. The investigation has 

been facilitated the ready availability germi- 

nating wheat from commercial source. The results 
obtained with the two plant materials are compared 
this paper. This work was briefly described the 
thirty-first meeting the Australian and New 
Zealand Association for the Advancement 
Science, Melbourne, August 1955. 


MATERIALS AND METHODS 


Except where otherwise indicated, the sources chemicals 
and the enzymic and chemical methods used this study 
were essentially the same described the previous papers 
(Martin Morton, 1956a, b). 

Wheat roots. The wheat used had been germinating for 
some hr. under conditions used for commercial malting. 
The developing roots were about 5-10 mm. long. They were 
wire screen (no. mesh, with apertures 2-5 mm. 
The material which fell through the screen con- 


Enzymic and Chemical Properties Cytoplasmic Particles 
from Wheat Roots 


Department Biochemistry, University Melbourne 


(Received April 1956) 


sisted mostly roots together with some coleoptiles 
and broken grains. The yield was about 
wheat. 

Dispersion medium. The simple medium used for isolation 
beet-petiole particles (Martin Morton, was some- 
what modified. The medium for dispersion the wheat 
roots consisted sucrose, potassium phosphate 
buffer (pH 7-4), potassium succinate, 0-01% (w/v) 
ethylenediaminetetraacetate (EDTA, used the disodium 
salt Versene) and 0-1% (w/v) cysteine hydrochloride. The 
last-named was added the medium immediately before use. 
The interference the potassium succinate, EDTA and the 
hydrochloride with the enzymic studies was 
eliminated washing the sedimented particles described 
below. These compounds were included the dispersion 
medium inhibit the polyphenol oxidase activity, and 
protect the succinic dehydrogenase and cytochromes 
keeping them reduced (see Keilin Hartree, 1940; Morton, 


EXPERIMENTAL AND RESULTS 


Isolation cytoplasmic particles 


All operations were carried out cold room about 
Approx. 100 roots was ground hand with 
washed sand and 200 ml. dispersion medium, large 
pre-chilled earthenware mortar and pestle. The material was 
then filtered through four thicknesses cheese cloth. For 
each preparation, usually 400 roots was treated, 
yielding about 700 ml. filtered dispersion. The fraction- 
ation was carried out 0-4°, with slight modifications the 
procedure previously described (Martin Morton, 
Fig. shows the procedures. International refrigerated 
centrifuge, Servall model SS2 centrifuge, and Spinco 
Model centrifuge were used successively for sedimentation 
the min. fraction, the mitochondria and the 
microsomes respectively. each case the centrifuge head 
was pre-cooled 0°. 

the time taken for the isolation the microsome 
fraction for the enzymic studies, the separation fraction 
for min. was omitted, but this was removed 
during isolation the microsome fraction for the chemical 
analyses, shown Fig. The mitochondria and micro- 
somes for the enzymic studies were finally suspended 
potassium phosphate buffer (pH 7-4) and oxygen 
was passed through the suspension for about min. 
remove any traces cysteine remaining from the dispersion 
medium. For the chemical analyses, the washed particles 
were dried over vacuo room temperature. The 
yields washed particles from 100 wheat roots were 
about 170 mg. mitochondria and mg. microsomes, 
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Table 


from wheat roots 


compared with about and mg. respectively, obtained 
from 100 beet petioles the procedure Martin 
Morton (1956a). 


Enzymic activities cytoplasmic particles 


reductase and DPNH-cytochrome reductase 
activities mitochondria and microsomes from 


succinate 


negligible activity. 


inhibited. 


wheat roots. The effects antimycin these 
activities also shown. Although the mitochondria 
have active reductase system with sodium 
the microsomes have 
The DPNH-cytochrome 
reductase activity the mitochondria partially 
inhibited antimycin high concentrations, 
and the similar activity the microsomes not 


substrate, 


1956 


Tissue dispersion (about 700 ml.) 


Precipitate 
(1500 
min. 

fraction; 
discarded) 


min. 


Supernatant 


10000 
min. 


Precipitate 


dispersed 

(90 ml.), 

10000 


min. 


Supernatant* 
(alternative 
treatments) 


60000 
min. 


This supernatant treated either two ways, shown. 


Fractions used for enzymic analyses. 
Fractions used for chemical analyses. 


(washed 


20000 
min. 


Supernatant 


dispersed 
(45 ml.), 


50000 
min. 


micro- 
somes) 


Fig. Scheme for isolation cytoplasmic particles from dispersions wheat roots. 


centrifuged: 


Supernatant 
(discarded) 


(10000 (discarded) (discarded) 
min. centrifuged: 
fraction; 
ml.), 
min. (90 ml.), 
centrifuged: 
(washed (discarded) (60000 (discarded) min. 
mito- min. 
chondria) fraction; 
micro- Precipitate Supernatant 
somes) (discarded) 
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Table Effect antimycin the succinate— and reductase activities 
mitochondria and microsomes from wheat roots 


Mitochondria and microsomes were isolated from dispersions roots from germinating wheat differential centri- 
fuging. The rate enzymic reduction heart-muscle cytochrome about 20° was measured spectrophotometrically 
previously described (Martin Morton, The final concentrations reactants the cuvette were: 
potassium phosphate buffer (pH 7-4); oxidized cytochrome DPNH, 0-06m sodium 
succinate. The reaction was commenced addition the substrate. Results are expressed cytochrome 


reduced/hr./mg. 


Cytoplasmic 


fraction Substrate particle 
10000 min. Succinate 0-15 
(mitochondria) 
DPNH 0-77 
3-9 
390 
60000 min. Succinate 
(microsomes) 
DPNH 
830 


Antimycin conen. 


Enzymic activities 


With Inhibition 
0-006 11-3* 6-8* 
0-006 50-2 
0-03 51-6 42-1 
0-60 63-5 46-2 
3-0 58-4 
145 
3-0 150 148 


Tested immediately after isolation the particles. 


Antimycin conen. 
f 
Storage 
time mitochondrial 
Expt. (min.) 
0-15 0-006 
0-60 
120 3-0 
130 0-60 
0-60 
0-60 
100 


Table Effect storage time the inhibition reductase activity 
mitochondria from wheat roots 


Activities were determined various times after isolation the mitochondrial fraction. Storage was room temp. 
(approx. 20°). Activities were determined for Table and are expressed cytochrome reduced/hr./mg. 


Potassium Enzymic activities 
malonate 
conen. With Inhibition 
Control inhibitor 
6-8 
10-9 
5-7 0-09 
4-4 0-03 
11-0 
11-0 100 
0-3 
5-1 100 


reductase activity wheat-root mitochondria, 
isolated described above, declines rapidly the 
suspension stored room temperature (about 
Not only does the overall level activity 
decline, but does the residual activity remaining 
after treatment with antimycin The percéntage 
inhibition antimycin therefore varies according 
the period elapsed between isolation and testing 
the mitochondria. However, the inhibition 
potassium malonate (66 virtually complete 
any period storage (Table 2). 


Chemical composition cytoplasmic 
particles from wheat roots 


Microsomes. Lipid, RNA, deoxyribonucleic acid 


(DNA) and protein were estimated procedures 
similar those used for analyses 


particles from beet petiole (Martin Morton, 
1956b). RNA was extracted with 
for hr. and so-called DNA with 10% (w/v) 
(buffered 4-0) for min. about 100°. The 
results are shown Table 

The base compositions the and KCl 
extracts were determined paper chromato- 
graphy already described (Martin Morton 
1956b). The relative amounts adenine, guanine, 
cytosine and uracil the HClO, extract were 
essentially found the similar extract petiole 
microsomes (Martin Morton, 19566). thymine 
was detected this extract, which contained 
moles uracil/100 atoms applied about 
the applied nucleic acid phosphorus being 
recovered from the chromatogram. 

Both uracil and thymine were detected the 
hydrolysate the KCl extract. assuming that 

Bioch. 1956, 
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wheat-root DNA contains moles thymine/ 
100 atoms does wheat-germ DNA 
(Chargaff, 1955; see Martin Morton, was 
calculated from the proportion bases that the salt 
extract contained mainly RNA (85%) with some 
DNA the total nucleic acid). About 
the applied nucleic acid phosphorus was not re- 
covered from the chromatogram. Estimation the 
deoxyribose the KCl extract indicated that about 
13% the total nucleic acid phosphorus was 
DNA-P (see Table 3). The higher estimate from the 
colorimetric determination sugar, compared 
with that from estimation thymine, general 
agreement with the previous findings with micro- 
somes from beet petioles (Martin Morton, 

Mitochondria. For the analysis mitochondria, 
the treatment with was omitted and the 
total nucleic acid phosphorus extracted with 
buffered 10% (w/v) KCl about 100° for min. 
The results are shown Table The base composi- 
tion the mitochondrial extract was not investi- 


gated. 
DISCUSSION 


Cytoplasmic particles from wheat roots 


contrast the white petiole silver beet, which 
contains mostly mature, well-vacuolated cortical 
cells and fibres, the wheat roots used the present 
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study contain mostly small, non-vacuolated meri- 
stematic cells. The much greater amount cyto- 
plasmic material the wheat-root cells reflected 
the higher yields cytoplasmic particles from 
these compared with the yields from beet petioles. 
Electron micrographs (Hodge, Martin Morton, 
unpublished work) show that the wheat-root 
microsomes consist mainly vesicular structures 
studded with electron-dense granules and that they 
originate from the cellular endoplasmic reticulum. 


Enzymic activities wheat-root particles 


The results shown Table are agreement 
with the distribution enzymic activities among 
mitochondria and microsomes found previously 
with beet petiole (Martin Morton, The 
DPNH-cytochrome reductase activity the 
microsomes about three times that the re- 
ductase activity the mitochondria and the two 
activities are differentiated their response the 
antibiotic antimycin The general level DPNH- 
cytochrome reductase activity the wheat-root 
particles much higher than that petiole 
particles (mitochondria about 60, compared with 
14; microsomes about 150, compared with about 
This difference probably reflects the greater 
synthetic activity the wheat roots. The pro- 


Table Chemical composition cytoplasmic particles from wheat roots 


The analyses were carried out described the text. Results for mitochondria are the means duplicates, and for 
microsomes the means triplicates. After removal lipids, ‘acid-soluble phosphates’ were extracted with 
but the amounts were not estimated. ‘Total RNA-P’ for microsomes the sum RNA-P extracted with cold 
and that extracted hot KCl (10%, w/v); for mitochondria the difference the DNA-P estimate 
(by determination deoxyribose) from the total nucleic acid (NA-P). Deoxyribose was estimated the Ceriotti 
(1952) procedure. Results are expressed dry wt. 

Mitochondria 


Microsomes 
Extraction procedure Determination Prep. Prep. Prep. 
Methanol, Total lipid 46-5 
n-butanol and ether room Lipid 0-120 0-094 0-066 
2-4°, hr. RNA-P 
Direct 0-116 
From absorption 0-111 
10% (w/v) KCl 100°, min. NA-P 
Direct 0-143 0-170 0-089 
From absorption 0-075 0-086 0-079 
DNA-P from deoxyribose 0-021 0-027 0-011 
RNA-P* 0-054 0-059 0-068 
n-KOH 100° for min., then Protein 
n-H,SO,, 100° for min. Nitrogen 6-20 
Protein 6-25) 38-8 29-1 
Total RNA-P 0-054 0-059 0-179 
Total 0-075 0-086 0-190 
pg. RNA-P/mg. protein 9-2 9-5 38-7 
pg. DNA-P/mg. protein 4-4 2-4 


Difference between NA-P (from absorption) and DNA-P (from deoxyribose value). 
Sum ‘Total RNA-P’ and ‘DNA-P from deoxyribose’. 
Based values for ‘Total RNA-P’ and ‘DNA-P from deoxyribose’. 
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tective action the dispersion medium used 
isolation the root particles may also partly con- 
tribute it. The reductase 
activity wheat-root microsomes appears 
intimately associated with cytochrome (Martin 
Morton, 1957) that beet microsomes 
(Martin Morton, 1955). 

reductase activity. The 
succinic dehydrogenase system wheat-root mito- 
with that beet-petiole mitochondria. When freshly 
isolated from petioles, the beet mitochondria have 
Table similar that freshly isolated wheat- 
root mitochondria cytochrome 
reduced/hr./mg. Table 2). However, the 
activity the beet mitochondria 
(93%) inhibited low levels antimycin 
contrast, when freshly isolated only the 
activity the wheat-root mitochondria inhibited 
chondrial (Table 2). After storage, the same 
concentration antimycin inhibits the activity 
almost completely. Table shows that the activity 
lost during storage (5-6 units between and 
almost the same the activity resistant 
antimycin immediately after isolation 
(5-2 units). The complete inhibition potassium 
malonate (66 both initially and after 100 min. 
storage, indicates that the activities are associ- 
ated with enzyme (or enzymes) highly specific 
towards the substrate. 

The results suggest that wheat-root particles 
have substantial reductase activity which 
resistant antimycin but very labile 
storage oxygenated environment. Because 


the storage lability this antimycin A-resistant 


activity, may not detected particles sedi- 
mented the usual way from sucrose 
according the widely used procedure Schneider 
Hogeboom (1950). Therefore, although not found 
mitochondria isolated from beet petioles, the 
possible existence this pathway such mito- 
chondria cannot excluded. 

tissues the succinic dehydrogenase and fumaric 
hydrogenase activities are associated with the one 
enzyme (Martin Morton, This almost 
certainly flavoprotein resembling the fumaric 
hydrogenase yeast (see Morton, 1955b). Cyto- 
chrome (cytochrome ‘dehydrogenase’) described 
Lundegardh (1954) and considered him 
identical with succinic dehydrogenase wheat 
roots, could not identified the wheat-root 
mitochondrial preparations (Martin Morton, 
the true nature the plant- 
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succinic dehydrogenase system, and the possible 
existence two distinct malonate-sensitive de- 
hydrogenases wheat roots, can only established 
finally purification studies. recalled that 
mitochondria from plants (Martin Morton, 1956a, 
and Table 2), well from animals (Duve, Press- 
man, Gianetto, Wattiaux Appelmans, 1955) have 
DPNH-cytochrome reductase which, like wheat- 
partially inhibited high concentrations anti- 
mycin The recent observations Ernster, 
Jalling, Lindberg (1955) strongly suggest 
that this partial inhibition due the existence 
two distinct mitochondrial pathways for oxidation 
DPNH, only one which sensitive anti- 
mycin 


Chemical composition wheat-root particles 


The analytical methods used were substantially 
those developed for analysis particles from silver- 
beet petioles (Martin Morton, Good 
agreement between values for nucleic acid phos- 
phorus, estimated directly and calcu- 
lated from the value determined spectro- 
photometrically, established the validity the 
separation lipid, nucleic acid and protein the 
beet particles (see Martin Morton, 19566, Table 7). 
Table shows that the same good agreement 
between the two estimates was not obtained the 
analyses the wheat-root particles. The dis- 
crepancy slight with microsomes, but considerable 
for the mitochondrial fraction. Since the ultra- 
violet absorption curves the extracts both the 
mitochondria and microsomes well with 
those expected for plant acid (see Martin 
Morton, 19566, Fig. 1), the figures based the 
values are preferred the true estimates 
nucleic acid phosphorus. These figures have, there- 
fore, been used calculating the quotient 
RNA-P/mg. protein, shown Table 

The discrepancy between the two estimates 
nucleic acid phosphorus the potassium chloride 
extract mitochondria probably due the in- 
complete extraction some organo-phosphorus 
compound the lipid solvents. The sum the 
lipid and organic the potassium chloride 
extract almost the same for preparations and 
(0-264 and 0-263 dry wt. respectively ;see Table 3), 
but the distribution this total differs. This 
emphasizes the necessity confirming analytical 
results obtained for plant tissues many pro- 
cedures possible (see Martin Morton, 

With reservations arising from the known lack 
homogeneity the wheat-root preparations, the 
results for the wheat-root particles (Table may 
compared with those previously reported for beet- 
petiole mitochondria and microsomes (Martin 
Morton, Tables and 9). 
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Microsomes from both sources contain very 
high proportion lipid (wheat root, beet 
petiole, dry wt.). Lipid and protein 
together comprise the greater part the 
dry wt. these particles from both sources. How- 
ever, the lipid dry wt.) markedly less 
for the wheat-root particles than for those from beet 
petiole dry wt.). 

Although mitochondria from the two sources 
have similar proportions RNA-P (wheat roots, 
9-2 and 9-5; beet petioles, ug. RNA-P/mg. 
protein N), microsomes from wheat roots contain 
much more RNA-P than those from silver beet 
(0-179, compared with dry wt.; 
mg. protein N). However, the proportion 
DNA-P the microsomes similar (wheat roots, 
2-4; beet petioles, DNA-P/mg. 
protein N). indicated previously (Martin 
Morton, the higher RNA content wheat- 
root microsomes reflects the greater number small 
granules (about associated with the micro- 
some fraction. This and other information indicates 
that most the RNA plant microsomes 
associated with such granules (see Martin Morton, 

Like microsomes from silver beet, those from 
wheat roots contain two types RNA (above and 
Table 3). extracted with perchloric 
acid, and the other extracted further treatment 
with hot potassium sodium chloride w/v). 
has been suggested previously (Martin Morton, 
that this latter form RNA may associ- 
ated with the lipoprotein matrix the structural 
elements the endoplasmic reticulum, and the 
more easily extractable RNA associated with the 
granules. 


Correlation between plant-protein synthesis 
and microsomal RNA 


The rate protein synthesis the rapidly 
growing roots germinating wheat very greatly 
exceeds that the comparatively dormant beet 
petiole. indicated above, the RNA content 
wheat-root microsomes much higher than that 
beet-petiole microsomes, and the RNA content 
the mitochondria from the two sources differs very 
little. This argues against the direct involvement 
mitochondrial RNA protein synthesis plant 
cells. The RNA plant mitochondria possibly 
associated with the oxidative phosphorylation 
carried out these granules. contrast, the 
increased number RNA-rich granules associated 
with the wheat-root microsomes strongly suggests 
that this RNA directly involved protein 
synthesis the cytoplasm plant cells. The RNA- 
rich granules probably function the uptake and 
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incorporation amino acids during the primary 
steps protein synthesis, the RNA-rich 
granules liver (Littlefield, Keller, Gross 
Zamecnik, 1955). The microsomal system for oxida- 
tion DPNH (Bailie Morton, 1955; Martin 
Morton, 1955, may provide energy for 
these primary steps. 


SUMMARY 


Roots were separated from wheat which had 
been germinated for hr. under commercial condi- 
tions malting. Cytoplasmic particles were 
separated from the dispersion disintegrated roots 
differential centrifuging. Only the so-called 
‘mitochondrial’ and ‘microsomal’ fractions were 
studied. 

Whereas the mitochondria showed high 
reductase activity, none 
was detected the microsome fraction. The 
mitochondrial reduced diphosphopyridine nucleo- 
reductase activity was partially 
mitochondrial nitrogen), but the similar activity 
the microsomes was not inhibited antimycin 

The wheat-root mitochondrial preparation 
appears have two distinct malonate-sensitive 
pathways for coupling oxidation sodium 
succinate reduction cytochrome One path- 
way not inhibited antimycin but particu- 
larly labile storage under oxidative conditions; 
the other strongly inhibited low concentrations 
antimycin and somewhat less labile 
storage. The latter corresponds 
known succinic dehydrogenase system animal 
tissues. 

Analyses lipid, acid and protein 
wheat-root mitochondria and 
presented. Compared with the similar particles 
from silver-beet petiole, wheat-root microsomes are 
very rich ribonucleic acid, and the mitochondria 
from both sources are substantially similar this 
respect. Wheat-root microsomes, like those from 
silver-beet petiole, contain two types ribonucleic 
acid determined relative resistance ex- 
traction procedures. 

Comparison the results for the rapidly 
growing wheat roots with those for the relatively 
dormant beet petioles indicate that the ribonucleic 
acid content the microsomes, but not the mito- 
chondria, correlated with protein synthesis. 
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Uridine Diphosphate Glucuronic Acid Glucuronyl Donor the 
Synthesis Ester’, Aliphatic and Steroid Glucuronides 


DUTTON 
Department Biochemistry, Queen’s College, Dundee (University Andrews) 


(Received May 1956) 


There are two types glucuronide, depending 
the aglycone: alcohols and phenols give rise 
‘ether’-linked glucuronides, and cer- 
tain carboxylic acids acylal ‘ester’-linked 
conjugates (see Teague, 1954). 

known that uridine diphosphate glucuronic 
acid (UDPglucuronic acid) acts glucuronyl 
donor the synthesis ‘ether’ glucuronides, 
transferring its glucuronic acid acceptor 
(R.OH), ‘ether’ glucuronide and uridine 5’- 
pyrophosphate (UDP) being formed the following 
manner (Dutton Storey, 1953, 1954; Storey 
Dutton, 1955; Isselbacher Axelrod, 1955): 


acid 


Storey Dutton (1955) suggested that UDP- 
glucuronic acid ‘active’ form glucuronic 
acid, taking part the general tissue metabolism 
that substance; therefore seemed interest 
study the range compounds acting acceptors 
the above reaction. The aglycones previously 
known conjugated this manner were 
aminophenol, (—)-menthol (Dutton Storey, 
1951), phenolphthalein, thyroxine and some cortico- 
yielding ‘ether’ glucuronides. 

The present work extends these observations 
include acceptors two aromatic acids forming 
‘ester’ glucuronides and, examples aliphatic 
compounds, acid and alcohol giving rise 
‘ester’ and ‘ether’ type conjugate re- 


spectively. Evidence for the formation the 
glucuronides and some 
other compounds also presented. 

the aglycones chosen, p-aminobenzoic acid has 
been isolated its ‘ester’ glucuronide from rabbit 
urine (Bray, Lake, Neale, Thorpe Wood, 1948); 
formation glucuronide has been 
reported rat-liver slices (Shirai Ohkubo, 
ethylhexanoic acid are excreted ‘ether’ and ‘ester’ 
glucuronides respectively rabbit urine (Kamil, 
and (androsterone) 
glucuronides have been isolated from human urine 
(Venning Browne, 1936; Edwards Kellie, 1956), 
and (stilboestrol) 
glucuronide from rabbit urine (Mazur Shorr, 
1942); glucuronide does 
not yet appear have been detected, although the 
has been found human urine, con- 
jugated with unidentified substance (Kyle 
Marrian, 1951). 

Preliminary reports this work have already 
appeared (Dutton, 1955; Storey Dutton, 1956; 
Dutton Spencer, 1956). 


EXPERIMENTAL 


Materials 
Acceptor substrates and reference compounds. o-Amino- 
benzoic (OAB) and p-aminobenzoic (PAB) acids were 
commercial samples thrice recrystallized from water. 
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glucuronide (PABG) was crystallized from 
ether-extracted soln. equimolecular complex 
PAB and PABG, and also recrystallized twice from cruder 
PABG specimen (original materials were years old and 
hexanoyl-p-glucuronide monohydrate was recrystallized 
from cruder specimen presented Professor 
Williams, who also generously sent sample tri-o-acetyl- 
methyl ester; from 
this, gum presumed the potassium salt the free 
glucuronide was prepared the gradual addition the 
calculated amount ethanolic KOH 20° (method kindly 
supplied Professor «-Ethylhexanoic acid, 
b.p. 220-222°, was prepared the oxidation commercial 
2-ethyl-n-hexanol method (a) Kenyon Platt (1939). 
Grant, and sodium pregnanediol glucuronidate was 
specimen from the Medical Research Council steroid 
collection. androsterone and 
stilboestrol were commercial samples (Light and Co.). 

UDPglucuronic acid. preliminary experiments, either 
the ‘crude’ fractionated nucleotide was 
used: for confirmation, chromatographically pure prepara- 
tions were employed (Storey Dutton, 1955). Glucuronic 
acid from the nucleotide did not interfere with estimations 
conjugate glucuronic acid. 

B-Glucuronidase. This was prepared the method 
Kerr, Graham Levvy (1948). Incubation for hydrolysis 


Homogenate 


Tissue dispersion. The method was that used previously 
(Dutton Storey, 1954). With aliphatic and steroid sub- 
strates 20% (w/v) mouse-liver homogenate replaced the 
10% conen. normally employed. 

Fractionation homogenate. Fractionation followed the 
method Schneider Hogeboom (1950); all operations 
were done 0°. 10% (w/v) mouse-liver homogenate 
(10 ml.) was prepared sucrose; the nuclei were 
centrifuged down for min., the mitochondria 
5000 for min., and the microsomes about 000g 
for the ‘high-speed supernatant’ remained after 
such centrifuging. All particulate fractions were washed 
resuspension sucrose, followed further centrifuging, 
and were finally suspended ml. sucrose soln. (In 
preliminary experiments, ml. was added the 
nucleus- and mitochondrion-free homogenate, 
aggregated microsomes were centrifuged down about 
21000 for min., being then washed KCl and 
resuspended sucrose.) Excess sucrose interfered 
glucuronic acid estimation the aliphatic conjugates; 
such cases the washed particles were resuspended isotonic 
KCl, the ‘high-speed supernatant’ being that resulting 
from the centrifuging (at about 21000g for min.) 
homogenate dispersed isotonic 


Reaction medium 

This was essentially that used for gluc- 
uronide synthesis (Dutton Storey, 1954; Storey 
Dutton, 1955). Pure UDPglucuronic acid when present was 
final 0-05 mm, measured from the absorption 
260 mu. (see Storey Dutton, 1955). 

OAB and PAB The 
acid mixture was replaced the small-scale 
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reaction medium Storey Dutton (1955) 0-14 
OAB PAB (as the potassium salt). The digest ml. total 
volume) was incubated for min. 37°. 

a-Ethylhexanoic acid and tert.-amyl alcohol substrates. 
acid (as the potassium salt) and 
alcohol were 1-38 and 14-2 respectively total volume 
ml. 0-6 ml. medium suitable stoppered flasks. 

Androsterone, stilboestrol, allopregnanediol and pregnane- 
diol substrates. Because the insolubility these sub- 
strates and the difficulty achieving their uniform dis- 
persion, not possible record their final molarities 
the medium. They were usually added great excess 
mg./ml.) the homogenizing soln. and dispersed through 
the disrupting tissue. Occasionally they were homogenized 
fresh human serum before addition the medium, but 
this tended increase control readings the naphtha- 
resorcinol reaction. achieve measurable conjugation, the 
total volume medium was increased ml./flask, with 
20% (w/v) homogenate, and incubation was for hr. 
37°. 

Estimation conjugates 

OAB and PAB substrates. modification the 
method Shirai Ohkubo was used. After incuba- 
tion, 1-4 ml. water and 0-4 ml. acid 
were added, and protein was centrifuged down. 1-6 ml. 
portion the supernatant, 0-28 ml. and 
0-12 ml. water were added (bringing the 4-0), and 
the soln. was extracted thrice with ml. portions ether 
remove free substrate. The aqueous soln. was then treated 
with 0-4 ml. and heated 55° for hr. hydro- 
lyse the ‘ester’-linked conjugate, before being brought 
with and again extracted thrice with ml. 
portions ether. The ethereal layer contained the acid 
aglycone released from ‘ester’ conjugation hydrolysis 
and was itself extracted twice with 0-8 volumes 
the aqueous phase from this extraction was 
added 0-06 ml. followed 0-1 ml. each 
NaNO,, ammonium sulphamate, 
naphthyl)ethylenediamine dihydrochloride. After incuba- 
tion 37° for hr., the extinctions were read the 
microcells the Spekker absorptiometer, with Ilford filter 
no. 605 (peak transmission, 550 

a-Ethylhexanoic acid and tert.-amyl alcohol substrates. 
After incubation, proteins were precipitated equal 
volume (w/v) acid, and centrifuged 
down. With «-ethylhexanoic acid substrate, 
portions the supernatant were extracted once with vol., 
and twice with vol. ethyl acetate. The organic phase was 
taken dryness 40° current air. With 
alcohol substrate, ml. portions the supernatant were 
saturated with and extracted thrice with equal 
volumes 1:4 (v/v) ethanol-ether mixture (Kamil al. 
the organic phase was then taken dryness. 

the resulting gums, ml. water, ml. 
and ml. fresh (w/v) aqueous naphtharesorcinol 
soln. were added, and the whole was heated 100° for hr., 
cooled, and extracted with mixture ml. ethanol and 
ml. toluene. The extinction the organic phase was 
read the Spekker absorptiometer, with Ilford filter no. 
605. 

Androsterone, stilboestrol and allopregnanediol sub- 
strates. Protein was removed heat coagulation and 
centrifuging, and the conjugates were extracted from the 
acidified supernatant five times with equal volumes 


Vol. 


ethyl acetate, thrice with one-half volume n-butanol. 
The solvent was then removed, necessary vacuo; the 
naphtharesorcinol reaction was performed above the 
resulting gum. 

Paper chromatography 


This was carried out the ascending 
descending method (Block, 1950) all-glass tanks, with 
Whatman no. 541 paper; unless otherwise stated the temp. 
was 20°. Spots were identified reference standard 
compounds rather than comparison with published 
values. 

OAB, PAB, and their glucuronides. 
Solvents were (a) n-butanol-acetic acid—water 
(4:1:1, vol.) (Shirai Ohkubo, (b) 
1-5n-NH, soln. (1:1, v/v) (Brown, 1950); (c) 
ammonium acetate, 7-0 (3:2, v/v). Chromatograms 
were sprayed lightly with 0-1% NaNO, freshly prepared 
dried air, and sprayed again with 
ethanolic N-(1-naphthyl)ethylenediamine dihydrochloride. 
o-Aminophenol yellow, not purple, spot. The naphtha- 
resorcinol test for glucuronic acid was performed eluates 
chromatogram areas. 

acid. Solvents used were (a) 
soln. (1:1, v/v) (Brown, 1950); isooctane— 
acetone-ethanol NH, soln. (40:30:30:1, 
vol.) (Nair, 1953). For (a) the spray was bromothymol blue 
and for (b) bromophenol blue. 

tert.-Amyl alcohol. The xanthogenate was chromato- 
graphed n-butanol saturated with (w/v) aqueous 
KOH (see Kariyone Hashimoto, 1951), and the chromato- 
grams were examined light (365-366 
heating the paper, the brown fluorescence the xantho- 
genate was replaced more easily seen blue fluorescence. 

2-Ethylhexanoyl and dimethyipropyl glucuronides. The 
solvent was the soln. mixture used 
abeve. 

Pregnanediol. Toluene was the mobile phase, paper 
strips previously impregnated with propylene glycol, the 
spray being nitrobenzene [claimed Rosenkrantz 
(1953) more sensitive towards hydroxylated steroids] 
Subsequent heating yielded pale-brown spots 
with red-brown fluorescence light. 


RESULTS 
Synthesis conjugates 


Conjugates which behaved the estimation pro- 
cedures like the corresponding glucuronides the 
substrates were formed only when UDPglucuronic 
acid was present during incubation the complete 
reaction mixture; control flasks (where substrate 
and acid respectivély were added 
after incubation) were always run. remained 
confirm that these conjugates were those the 
substrates with glucuronic acid. 


and p-Aminobenzoic acid substrates 


Evidence for the aglycone. The aglycone both 
conjugates behaved were ‘ester’-linked, 
being completely hydrolysed under the mild alkaline 
conditions the estimation. According Shirai 
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Ohkubo aniline, acetanilide, 5-hydroxy- 
anthranilic acid and N-acetylanthranilic acid 
not interfere this estimation. Added 
glucuronide was not hydrolysed, that any 
diazotizable ‘ether’ glucuronide resulting from 
substrate breakdown should not have been 
measured only trace unhydrolysed diazotizable 
material was ever detected. After such mild 
hydrolysis the liberated aglycones were extracted 
with ether, concentrated, and chromatographed 
alongside known OAB, PAB and 
values (which for these and subsequent chro- 
matograms are detailed Table confirmed that 
the aglycones were the respective original substrates. 

for the glucuronic acid moiety. The con- 
jugates were synthesized large scale, using 
ml. reaction mixtures incubated for hr. After 
3min. 100°, the solutions were centrifuged, 
brought pH4, and each supernatant was 
extracted thrice with ml. portions ether 
remove free substrate. The aqueous phase was 
neutralized and concentrated about 
vacuo. The PAB conjugate travelled paper 
chromatograms exactly did known PABG (see 
Table 1). 

The conjugates could not separated satis- 
factorily from the nucleotide glucuronic acid 
extraction; the naphtharesorcinol reaction, how- 
ever, when performed eluates areas the 
above chromatogram indicated positive result 
the level the conjugate well the gluc- 
uronic acid and acid levels (see 
Table 1). 

Confirmatory evidence came from the use 
glucuronidase. also reported Levvy 
Worgan (1955), was found that this enzyme 
hydrolysed ‘ester’ glucuronides (here PABG) with 
strong specific inhibition from boiled saccharate 
solution (see Levvy, 1952). Conjugates from large- 
scale synthesis were treated with the enzyme, with 
and without the inhibitor. Ether-soluble com- 
pounds were released, behaving like the free 
aglycones both colour estimations and chro- 
matography such liberation was strongly inhibited 
boiled saccharate solution (see Table 2). Since 
esterase activity the enzyme limited ‘ester’ 
glucuronides (Levvy Worgan, 1955), the agly- 
cones must have been conjugated with glucuronic 
acid. 

acid substrate 

Evidence for the aglycone. The area the con- 
jugate chromatogram giving positive naphtha- 
resorcinol reaction (see below) was eluted. One 
portion the eluate (A) was hydrolysed with 
100° for min. (Kamil al. and 
extracted twice with equal volume ether; 
1-0 ml. was added the ethereal layer, 
the ether removed aeration and the solution 
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neutralized and concentrated. second portion (B) 
was treated similarly, but without hydrolysis, 


control for free substrate. The two concentrates 
were then chromatographed beside known 
ethylhexanoic, valeric and propionic acids. gave 
rise spot travelling like known «-ethylhexanoic 
acid (see Table 1); yielded detectable spot. 
Evidence for the glucuronic acid moiety. The con- 
jugate was synthesized large scale, heat- 
coagulated protein centrifuged down, and the super- 
natant brought with concentrated HCl 
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before extraction with ethyl acetate. The concen- 
trated extract was then chromatographed band 
alongside known 2-ethylhexanoyl glucuronide. 
Strips from this chromatogram were subjected 
the naphtharesorcinol reaction; positive result 
was obtained the level known 
glucuronide (see Table 1). 

again provided confirmatory 
evidence, hydrolysing the conjugate markedly 
unless boiled saccharate solution was present (see 
Table 2). 


Table Paper chromatography unknown conjugates and their aglycones 


Solvents employed were: (i) acid—water; (ii) soln.; (iii) ammonium 
acetate; (iv) NH, soln.; (v) n-butanol saturated with aqueous KOH. Details are 
given the Experimental section. All chromatograms were run 20°, ascending 
Compounds parentheses were substrates reactions whereby respective unknown conjugates were formed. this 


and subsequent tables means ‘not determined’. 


mean values with solvents 


Compound (i) (ii) (iii) (iv) (v) 
o-Aminobenzoic acid 0-93 0-34 
Aglycone from conjugate acid) 0-92 0-34 
p-Aminobenzoic acid 0-88 0-14 
Aglycone from conjugate (p-aminobenzoic acid) 0-87 0-15 
Conjugate (p-aminobenzoic acid) 0-32 0-70 
Uridine diphosphate glucuronic acid 0-12 
Aglycone from conjugate acid) 0-72 0-75 
Aglycone from conjugate alcohol) 0-24* 
(as xanthogenate) 


Indicates smearing the spot. 


Table Hydrolysis conjugates B-glucuronidase 


All flasks contained 0-06 ml. citrate buffer, 5-1; where indicated, also 0-08 ml. and boiled 


saccharate soln. Total vol. was 0-6 ml. and incubation was for hr. 37°. 


A?, B?, represent conjugates obtained with 


acid, «-ethylhexanoic acid and alcohol substrates, respectively; are the respective 
authentic glucuronides. Final molarity saccharate quoted. 


Wt. conjugate 


acid 


Glucuronic acid 


(i) Not present 0 2-0 2-5 3-5 6-1 1-4 3-7 

(ii) Present 1-2 1-9 2-6 

(iii) Present 0-12 1-9 2-4 

(iv) Present 0:50 1-2 3-4 

Percentage inhibition hydrolysis (ii) by: 
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alcohol substrate 


Evidence for the aglycone. Work with the aglycone 
difficult. That chromatogram area giving 
naphtharesorcinol reaction (see below) was 
washed twice with equal volume ether 
remove any free substrate, hydrolysed with 
and again extracted twice with 
volume ether. The concentrated ether layer 
vas then treated give the alcohol xanthogenate 
Kariyone Hashimoto, 1951), which was chro- 
natographed alongside the xanthogenate known 
ert.-amyl alcohol. Results were consistent with the 
being alcohol (see Table 1). 

Evidence for the glucuronic acid moiety. This was 
obtained from hydrolysis the conjugate 
glucuronidase and from inhibition this process 
boiled saccharate solution (see Table 2). 
chromatography, the unknown conjugate travelled 
like glucuronide (see Table 1). 


Steroids and stilboestrol substrates 


Preliminary experiments indicated that when 
androsterone, stilboestrol and 
diol were incubated with acid the 
reaction mixture there was increase material 
extractable 2-3 with ethyl acetate 
butanol and giving positive naphtharesorcinol 
reaction (compared with controls where substrates 
the nucleotide were added after incubation). 
Complete extraction this material was not 
possible with ethyl acetate; solvents which effected 
this, such n-butanol, tended also extract some 
glucuronic acid originating the nucleotide. Only 
slight synthesis was found, some 
glucuronic acid being conjugated/700 mg. wet wt. 
liver (see Storey Dutton, 1956), but sufficient 
indicate the effect UDPglucuronic acid. The 

|conjugate obtained with allopregnanediol sub- 

strate was presumably hydrolysed 


for after such treatment its glucuronic acid 


was longer extractable with n-butanol. With 
substrate further confirma- 
tion was obtained. 

Two ml. volumes reaction mixture, and 
were incubated pregnanediol was present but 
added only after incubation. heat- 
coagulation protein and centrifuging, both 
supernatants were extracted thrice with equal 
volumes each time methylene chloride remove 
free substrate. The remaining methylene chloride 
was removed from the aqueous phase vacuo. 
were then divided each into two portions; 
one portion each was added boiled saccharate 
solution final millimolar concentration. All four 
solutions were incubated with for 
Protein was removed formerly, the 
chloride extractions were repeated, and 
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the extracts concentrated and chromatographed 
alongside known faint 
spot the same level that the known sub- 
stance was observed the chromatogram that por- 
tion from not treated with inhibitor (see Fig. 1); 
therefore, liberated from the con- 
jugate substance travelling like pregnanediol 
chromatography the solvent used and resembling 
also the detection procedure. trace 
similarly reacting spot was found the remaining 


(a) 


Fig. (a) Demonstrating the liberation uridine 
pyrophosphate during the reaction between UDP- 
glucuronic acid and p-aminobenzoic acid. Chromato- 
grams barium-free soln. ppt. from reaction mixture 
treated with barium (see text) after 
min. incubation; for but with substrate 
present; for but with incubation; known 
compounds: from base-line, acid, uridine 
5’-pyrophosphate, uridine 5’-phosphate, uridine. Solvent 
system, aqueous (2:3, v/v). 
Ultraviolet-absorbing areas are outlined, broken lines 
indicate faint absorption. 

(b) Strip chromatograms compound liberated 
B-glucuronidase from conjugate obtained with preg- 
nanediol substrate; compound liberated 
glucuronidase from known pregnanediol glucuronide; 
known pregnanediol. Solvent system, toluene pro- 
pylene glycol-impregnated paper. Stippled areas gave 
red-brown colour and fluorescence after spraying with 
(see text). Origins for (a) and 
are the base-line. 
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three chromatogram strips, though some faint 
fluorescent smears were common all four. 
Mixtures known pregnanediol and its glucuronide 
also were treated above; the case the sample 
treated with uninhibited free 
pregnanediol liberated from the 
nanediol glucuronide was satisfactorily extracted 
and detected. 


Nature the reaction 


After incubation PAB for min. with washed 
microsomes enzyme source and pure UDP- 
glucuronic acid the reaction mixture, chromato- 
graphic evidence was found for the presence 
UDP; some uridine 5’-phosphate (UMP) and trace 
uridine were also present, resulting presumably 
from UDP breakdown. After the incubation 
equal volume (w/v) sulphosalicylic acid was 
added, the solution centrifuged and the supernatant 
extracted twice with half its volume ether. The 
aqueous phase was concentrated ml., adjusted 
8-9, and drop (w/v) barium acetate 
solution and ethanol were added; after 
cooling 0°, the precipitate was centrifuged down, 
dissolved the minimum amount 0-1N-HCl and 
freed ions precipitation with 
The supernatant was neutralized, concentrated 
and chromatographed aqueous 
(3:2, v/v) the method Anand, Clark, 
Hall Todd (1952). The chromatogram was 
examined under Hanovia Chromatolite u.v. light 
lamp. Controls consisted acid, 
UDP, UMP, uridine, identical non-incubated 
reaction mixture and one containing substrate; 
the last-named, UDP was present only small 
amount (see Fig. 1). 
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Factors influencing synthesis 


With OAB, PAB and o-aminophenol concentra- 
tions 0-14 0-7, 0-6 and 0-9 respectively 
the aglycone were conjugated after min. incu- 
bation. Both the optimum and 
anaerobic nature ‘ester’ glucuronide synthesis 
agreed with that previously found for 
phenol conjugation (Dutton Storey, 1954); this 
held also with microsomes enzyme source. 


Location enzyme system 


The enzyme system responsible for 
transfer from UDPglucuronic acid phenolic 
acceptor located the small-particle, 
somal, fraction the homogenate (Dutton 
Storey, 1954; Strominger, Kalckar, Axelrod 
Maxwell, 1954). After fractionation the 
genate sucrose solution the method 
Schneider Hogeboom (1950), was found that the 
microsomal fraction was also the chief site 
synthesis the glucuronides PAB the 
aliphatic substrates, illustrated Table 
Additions other fractions slightly increased 
the synthesis; the Table also shows those com- 
binations fractions which effected the most 
synthesis. 

Treatment freeze-dried microsomes with 
butanol 10° (see Morton, 1955) and removal 
the solvent vacuo, followed suspension 
the particles phosphate buffer (pH 7-4) 
resulted the release some the original 
enzyme activity into aqueous solution; further 
work will show this practical method 
purification. 


Table Glucuronide synthesis homogenate fractions 


Each flask received 0-04 ml. aminotrishydroxymethylmethane buffer (pH 7-4) containing sub- 
strate, 0-05 acid (final conen.), enzyme source and water 0-5 ml. A—L: 0-14 p-aminobenzoic acid 
substrate. 14-2 alcohol substrate. Incubated for min. 37°. Description fractions text. 


Wt. conjugate 


p-Aminobenzoic 

Tissue preparation derived from mg. whole wet liver acid acid 
(A) Total 10% homogenate 1-1 
(B) Nuclear fraction from 0-2 
(C) Mitochondrial fraction from 0-2 
(D) Microsomal fraction from 0-6 
(M) Total particles from 10% liver-sucrose homogenate 1-9 
(O) Mitochondrial fraction from 
(P) Microsomal fraction from 0-7 


High-speed supernatant from 10% liver-KCl homogenate 
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Inhibition glucuronide synthesis 


The above results suggested that ‘ether’ and 
‘ester’ glucuronides, with either aliphatic 
aglycones, were conjugated wholly 
partly the same enzyme system. this were so, 
the substrates studied should act com- 
petitive inhibitors the glucuronide- 
synthesizing system Dutton Storey (1954). 
Such competitive inhibition occurred, with benzoic 
(see Williams, 1947) used place PAB 
and with «-ethylhexanoic acid. Table shows, 
with the relatively crude enzyme preparations 
available, how inhibition glu- 
curonide synthesis varied directly with concentra- 
tion competing substrate and indirectly with that 
itself. 


Presence enzyme system tissues other than liver 


Although attempt was made this time 
examine systematically tissues other than liver for 
‘ester’ aliphatic glucuronide conjugation, mouse 
kidney and duodenum were studied, following the 
report Shirai Ohkubo that slices 
these organs from the rat synthesized o-amino- 
benzoyl glucuronide (OABG) extent compar- 
able with, (with duodenum) even greater than, 
that occurring with liver. glucuronide forma- 
tion with any the substrates could demon- 
strated using (w/v) homogenates saline- 
washed mouse duodenum. With kidney, however, 
variable amount material behaving like 
PABG the colour estimation was formed; this 
material, often corresponding colour density 
much the PABG conjugated com- 
parable liver homogenate the same animal, could 


ase. Most the alkali-labile diazotizable conjugate 
formed the kidney with these two substrates must 
therefore not have been Synthesis 
the kidney glucuronides other substrates 
employed was most 15% that occurring liver. 
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DISCUSSION 

The results indicate that and p-aminobenzoyl 
glucuronides, 2-ethylhexanoyl glucuronide and 
most probably alcohol glucuronide were 
synthesized under the above conditions. There 
good evidence for the formation pregnane- 
glucuronide; with the other steroids and 
stilboestrol, glucuronide formation was evident but 
these cases identification was attempted the 
aglycones themselves, which could have been there- 
fore either the original substrates metabolites 
thereof. 

Chromatographic evidence shows that UDP- 
glucuronic acid disappears during ‘ester’ gluc- 
uronide formation and UDP appears; this supports 
the mechanism proposed for ‘ether’ glucuronide 
synthesis the same system (Storey Dutton, 
1955; Isselbacher Axelrod, 1955) whereby 
molecule glucuronic acid previously linked with 
UDP transferred the acceptor. 

would now appear that UDPglucuronic acid 
acts glucuronyl donor wide range agly- 
cones, and that these include alcohols and carboxylic 
acids both the aromatic and aliphatic series. 
Aliphatic glucuronide formation occurs vivo when 
further oxidation the aglycone hindered its 
branched-chain structure (see Kamil al. b). 
Consequently, the only structural requirement for 
acceptor the reaction studied would 
seem the availability stable alcoholic 
carboxylic hydroxyl group. The report Issel- 
bacher Axelrod (1955) that17:21-dihydroxypregn- 
4-ene-3:11:20-trione (cortisone), unlike 
trihydroxypregnane-11:20-dione (tetrahydrocorti- 
sone), not such acceptor might explained 
either the existence some degree specificity 
the operation steric factors C-17 and C-21 
steroids such cortisone; the latter suggestion 
supported the evidence Edwards Kellie 
(1956) that acid conjugated vivo 


Table Inhibition synthesis 


Each flask received substrates indicated, with enzyme source: washed microsomes from mg. wet wt. liver; 
total homogenate from mg. wet wt. liver. Other additions and incubation Table 


Substrate (10 mm) 


o-Aminophenol, 0-7 

o-Aminophenol, 0-7 benzoate, 1-5 
o-Aminophenol, 1-4 benzoate, 1-5 
o-Aminophenol, 1-4 benzoate, 3-0 


o-Aminophenol, 0-7 


o-Aminophenol, 0-7 «-ethylhexanoate, 1-4 


o-Aminophenol, 0-9 «-ethylhexanoate, 1-4 
o-Aminophenol, 1-1 1-4 
o-Aminophenol, 1-3 «-ethylhexanoate, 1-4 


o-Aminophenol conjugated Inhibition 
(%) 
1-1 1-0 
1-4 
1-2 
2-6 
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with the C-17 atom 
(testosterone). 

Naturally occurring glucuronides are considered 
and all those studied this 
work were found have this structure. already 
pointed out (Leloir, 1956; Storey Dutton, 1956), 
there indirect evidence that the glucuronic acid— 
phosphate linkage UDPglucuronic acid 
«-configuration the nucleotide has been obtained 
enzymic oxidation the probably «-linked uridine 
diphosphate glucose (Strominger al. 1954), and 
does not itself appear substrate for 
glucuronidase (Dutton Storey, 1954). 
would thus seem occur during transfer 
glucuronic acid from the nucleotide 
acceptor. 

Most the earlier work glucuronide synthesis 
vitro used aglycones such phenol (e.g. 
m-aminophenol) alcohol (e.g. menthol 
borneol); although such ‘foreign’ substances 
when fed the animal are excreted glucuronides, 
has been objected (see Fishman, 1955) that they 
are not ‘natural’ substrates for the glucuronide- 
synthesizing system, would be, presumably, 
hydroxylated steroids. The present work shows that 
examples both ‘foreign’ and ‘natural’ gluc- 
uronidogenic substances accept glucuronic acid from 
acid, and that far reaction 
with the donor concerned, 
tion exists. 

Though detailed study will require 
enzyme solution there seems reason suppose 
that the enzyme system responsible for glucuronyl 
transference from acid differs 
among these various acceptors that requires the 
participation far the system 
has been demonstrated only liver microsomes; 
there are indications that may present asmall 
extent the kidney, slices which organ synthesize 
glucuronide (Storey, 1950). spite 
the report Shirai Ohkubo that rat- 
duodenum slices readily form OABG, the enzyme 
system was not found homogenates this organ 
from the mouse. 


SUMMARY 


Evidence presented, from chromatographic 
and enzymic methods, for the synthesis mouse- 
liver preparations the glucuronides and 
acids, acid, 1:1- 
and Gluc- 
when 
hydroxyandrostan-17-one (androsterone), allopreg- 
ene was added the preparations. 

The presence the donor uridine 
diphosphate glucuronic acid was necessary all 


uronide formation was also observed 


cases. 


DUTTON 


1956 


After ‘ester’ glucuronide had been formed 
such transfer glucuronic acid, uridine 
pyrophosphate was demonstrated chromatograph- 
ically the reaction mixture. 

The enzyme system responsible was located 
chiefly the microsomal fraction mouse-liver 
homogenate. The specificity this enzyme system 
for the various acceptors discussed. 

concluded that uridine diphosphate 
glucuronic acid acts glucuronyl donor the 
formation ‘ether’ and ‘ester’ glucuronides 
wide range compounds, including both ‘foreign’ 
and ‘natural’ glucuronidogenic substances. 


for helpful discussions, Spencer for assistance 
with some the experiments, and the Medical Research 
Council for expenses grant towards part this work. 
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Bradykinin, prepared incubation plasma 
globulins with the venom Bothrops jararaca 
(Rocha Silva, Beraldo Rosenfeld, 1949), can 
assayed upon the guinea-pig ileum, producing 
typical contraction the slow type, not influenced 
atropine anti-histamines. From the crude 
material, bradykinin quantitatively extracted 
into acetic acid, from which can precipitated 
addition several volumes ether (Prado, 
Beraldo Rocha Silva, 1950). The dry material 
obtained completely soluble water and can 
used starting material for further purification. 
This has been achieved employing column 
aluminium oxide (Prado al. 1950) and cellulose 
(paper pulp) column, according Helmer (1950), 
both (Andrade, Diniz Rocha Silva, 1953). 
have shown that combination the cellulose 
column and aluminium oxide affords efficient 
means increasing activity the material, from 
‘units’ per mg. 1200 ‘units’ per mg. 

For reasons given previous paper (Andrade, 
al. 1953), concluded that bradykinin 
polypeptide; electrophoresis (C. Diniz, personal 
communication) indicated that has high iso- 
electric point (about and therefore the 
application the carboxylic resin IRC-50 (XE-64) 
was indicated for further purification, reported 
communication (Andrade, 1954). 


EXPERIMENTAL 


Crude bradykinin preparations. Large batches 
plasma were precipitated room temperature with 
equal volume 50% solution ammonium sulphate, the 
precipitate collected the centrifuge was resuspended 
distilled water and dialysed against running tap water for 
36-48 hr. The concentrated solution the globulins 
obtained was adjusted the same volume that the 

Aided the Conselho Nacional Pesquisas, Rio 
Janeiro. 


original plasma and incubated with venom 500 ml. lots 
described previously (Rocha Silva al. 1949). The active 
material was extracted with boiling ethanol and dried. 
The dried residue was dissolved minimum acetic acid 
and precipitated with vol. ethyl ether. The powder was 
dried over ether and acetone (Prado al. 1950), giving 
strongly yellow material, very stable room temperature. 
this stage, about 0-2 mg. material (equivalent 
unit) was obtained from each millilitre plasma. 

Paper-pulp material. About the raw material 
obtained precipitation from acetic acid, with approxi- 
mate activity 4-5 ‘units’ per mg., was dissolved ml. 
water added the top column Whatman no. 
paper pulp (Helmer, 1950) and ml. 80% (w/v) solution 
phenol was immediately added with gentle stirring. The 
details the procedure for elution and freeze-drying the 
active material have been given Andrade al. (1953). 
The dry material obtained has also been used standard 
(PPM-paper pulp material) with activity units’ per 
mg. The material obtained still yellowish, with 
lustrous appearance, and stored the ice-box under 
vacuum sealed ampoules. 

Paper oxide material. typical 
experiment, 500 mg. the dry ‘paper pulp material’ was 
dissolved ml. (v/v) ethanol and placed the top 
oxide (Merck and Co., Rahway, N.J.). About 200 ml. 
70% ethanol was used the eluting solution. Samples 
were collected about min. intervals with 
automatic fraction collector (Technicon, U.S.A.). The 
samples were analysed for biological activity, for light- 
absorption 270 and for ninhydrin-reacting material, 
before and after hydrolysis. this stage the non-hydro- 
lysed material gave consistently negative reactions with 
ninhydrin. 

Amberlite IRC Chromatography with this 
column. The preparation the resin and operation the 
column were carried out according the procedure Hirs, 
Moore Stein (1953). experiments rechromato- 
graphy the material through the Amberlite column, the 
eluting solution had higher than that the column 
and therefore gradient was established during 
elution. This technique has also been used for purifying 


l- 
8, 
7, 
1). 
ls, 


702 


lysozyme (Gongalves, Molinari Deutsch, 1956). The rate 
flow solvent through the column was 1-5-2 ml./hr. 
Sodium phosphate buffer was used the eluting 
agent; toluene (1:4000) was added the buffer pre- 
servative. Portions the effluent samples were used for 
determination biological activity, for measurement the 
absorption 270 and for ninhydrin analysis. 

Ninhydrin analysis. Estimations ninhydrin-reacting 
material were done 0-2 ml. samples each fraction, 
according the method devised Troll Cannan (1953). 
The samples were hydrolysed sealed ampoules 105° for 
hr. with The acid was removed evaporation 
vacuo and the residue redissolved adding ml. 
phenol solution, plus ml. the pyridine solution; the 
boiling was continued for min. more and the final volume 
adjusted ml. with 60% ethanol. Readings were made 
Hilger spectrophotometer The results are 
expressed millimoles leucine. 

Absorption ultraviolet light. Fractions from aluminium 
oxide columns and resin columns showed the ultraviolet 
region absorption spectrum with maximum 270 
All readings the optical densities reported here were made 
this wavelength Hilger spectrophotometer. 

Biological assay. Assays were done the isolated guinea- 
pig ileum suspended Tyrode solution ml. bath, 
described Rocha Silva al. (1949). such conditions 
the gut was usually sensitive biological ‘unit’. 
The indications activity are given units’ bradykinin, 
one ‘unit’ being the activity contained mg. I’, 
first homogenized crude preparation (Rocha Silva al. 
1949). 


RESULTS 
Purification aluminium oxide. Bradykinin 
preparations obtained from aluminium oxide 


columns had peak activity corresponding the 
maximum ninhydrin colour after hydrolysis 
(Andrade al. two-dimensional paper 
chromatography tyrosine was shown present 
among other amino acids. Since large amounts 
material had chromatographed through the 
aluminium oxide column, followed absorption 
the ultraviolet region, and found, shown Fig. 
that peaks for biological activity, ninhydrin colour 
value and absorption 270 mp. coincided. About 
5000 ‘units’ bradykinin were passed through 
column aluminium oxide described, with 70% 
ethanol eluent. Small portions interspaced 
samples were taken for biological assay and nin- 
hydrin analysis. The yield obtained was about 50% 
the original. this step purification the 
material had average ninhydrin colour value 
after hydrolysis m-mole leucine 
equivalent for one biological ‘unit’. One mg. 
bradykinin, calculated leucine equivalents, has 
‘units’. The active fractions 
collected from the aluminium oxide column were 
pooled and the solution was dried small portions 
ampoules and kept under vacuum the ice-box. 
The value 0-658 m-mole leucine equivalent 
for the material obtained from the aluminium oxide 
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column about twice the one previously published 
(Andrade al. 1953). This discrepancy must due 
the standard employed that was found contain 
half the number ‘units’ per mg. that were 
stated the first publication. 

Purification chromatography resin column. 
preliminary study was made the behaviour 
IRC-50. was verified that, elution with 
sodium phosphate buffer the material 
came out from 0-9 em. column after the 
passage about ml. the effluent solution, and 
the recovery was about the original activity. 
When chromatography was performed with 
column buffered 6-58, and eluting solution 
7-36, the bradykinin emerged after 100 ml. 


250 500 
200 400 
150 
300 
100 200 
100 


Vol. effluent 


column aluminium oxide. About 500 mg. 
‘pulp paper material’ was chromatographed. Nin- 
hydrin colour value; light-absorption 270 
@, biological activity. 


400 
a 

100 


Vol. effluent 


Fig. Chromatography bradykinin Amberlite IRC- 
50. The column was buffered 7-3. The effluent was 
collected fractions. Ninhydrin colour 


activity. 


(c) 
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the latter case the possibility purification might 
higher, but the recovery was lower, about 27% 
the original activity. This loss activity when the 
volume was increased led use the resin 
column buffered 7-3 and eluent solution the 
ame pH. About 3200 ‘units’ bradykinin ob- 
tained from the aluminium oxide column (equivalent 
colour value 2-5 mg. leucine) were dissolved 
1-5 ml. phosphate buffer and applied 
Fig. that the biological activity emerges 
peak from ml., with the maximum 
ml. The amount activity and the ninhydrin 
colour value are parallel one another. the 


resin column (Fig. was possible separate 


from the active component another ninhydrin- 
positive material devoid biological activity. This 
material collected the first fractions was found 
absorb strongly 270 whereas the biologically 
active fractions did not show any detectable 
absorption this wavelength. The passage 
another 210 ml. buffer did not elute any more 
material. the previous publication 
(Andrade al. 1953), have calculated the leucine 
equivalent per biological ‘unit’ each sample the 
collected from the column. The values 
ranged from 0-137 0-158 m-mole, with 
average 0-147 0-002. The ninhydrin colour value 
for bradykinin obtained from aluminium oxide 
column was equivalent 0-658 m-mole 
leucine per ‘unit’; this indicates fourfold purifica- 
tion the original material. 

Homogeneity the purest bradykinin preparation. 
order test the homogeneity the bradykinin 
preparation, second resin column was used. The 
biologically active fractions were pooled, the 
the solution was brought 6-8, and the material 
fractionated IRC-50 column previously 
7-7 was used eluent. the experiment 

Fig. about 2300 ‘units’ (equivalent 0-44 mg. 
leucine) were employed. The effluent samples 
collected from the column were submitted the 
routine assay procedures The 
biological activity came out peak about 


PURIFICATION BRADYKININ 


703 


ml. and the recovery was about 97% the 
original. 

The symmetrical curves shown Fig. suggest 
that the bradykinin pure, especially since the 
curve activity corresponds exactly the curve 
the ninhydrin-reacting material. The high 
recovery biological activity observed this 
experiment probably due the homogeneity 
the material employed. Under the same experi- 
mental conditions the crude material obtained from 
aluminium oxide column would expected 
give yield about 35%. For each sample the 
effluent collected the leucine equivalent per bio- 
logical unit was determined. Values ranged from 
0-150 0-166 m-mole, with average 
0-155 0-002. These values differed very little from 
those obtained for the material from the first 
Amberlite column. This agreement might indicate 
that the value leucine 
equivalents per biological ‘unit’ very near that 
for pure bradykinin. From these data can 
calculate the weight leucine, micrograms, 
equivalent one biological ‘unit’ bradykinin 
and also the number biological contained 
mg. polypeptide calculated leucine; these 
figures are included Table 


2 
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400 
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300 
100 
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Fig. Chromatography 2300 ‘units’ bradykinin 
second column (0-9 cm. em.) Amberlite IRC-50. 
The effluent was collected fractions. 
Ninhydrin colour value; light-absorption 270 
biological activity. 


Material from 


Paper pulp oxide columns 


Resin column, buffered 6-8 and eluent 7-7 


were used Expt. and 2900 ‘units’ Expt. 


Table Properties various samples bradykinin different stages purification 


Biological 
leucine equiv. 


Leucine equiv. 


10° (Leucine equiv./ 
unit’) 


m-moles 


0-658 0-862 1160 
0-192 5208 
0-202 4950 
0-199 5025 
0-155 0-202 4950 


The results and were obtained from experiments reported Figs. 1-3 respectively. About 1040 biological ‘units 
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DISCUSSION 


The best material obtained these experiments has 
activity approximately 5025 ‘units’ per mg. 
polypeptide (calculated leucine equivalents). 
That this ceiling activity might correspond 
pure bradykinin suggested the fact that the 
number biological ‘units’ per milligram poly- 
peptide did not change significantly both 
passages through the Amberlite columns. 

The present bradykinin obtained 
Amberlite column has greater activity than 
histamine, probably much greater calculated 
basis. small fraction biological ‘unit’ 
produces strong contraction the gut when 
bradykinin produced reaction the guinea-pig 
gut equivalent that produced 
histamine. assumed that the molecular 
weight about 5000 (Andrade al. 1953), the 
potency bradykinin molar basis would 
about times that histamine. has been 
shown Gaddum (1955) that the isolated uterus 
the rat more sensitive bradykinin than the 
guinea-pig ileum. the laboratory Keele, 
the Middlesex Hospital, collaboration with 
Armstrong, one has shown that the 
rat uterus about times more sensitive than 
theileum. assume that the effective concentra- 
tion bradykinin stimulate the guinea-pig 
ileum about the concentration 
effective upon the rat’s uterus would about 
oxytocin, has been found that 500 units 
pure oxytocin correspond mg. (van Dyke, 1955) 
and that the rat uterus sensitive about 0-004 
unit/ml. (Holton, 1948). 

This preparation was not contaminated with the 
yellowish material present the aluminium oxide 
preparation and the pigment emerged from the 
Amberlite column the first effluent fractions. 
From the results reported this work cannot 
conclude that bradykinin contains 
since, although there was measurable absorption 
270 the amount pure material used was 
small that weak absorption could have been 
missed. can conclude that the absorption 
270 shown the material obtained from 
the aluminium oxide column, has relationship 
the biological activity, since the absorbing material 
could completely separated from the bulk 
activity passage through the Amberlite column. 
remains, however, open question whether 
bradykinin contains tyrosine its molecule, and 
decide this point much higher concentrations 
active material will have used. Experiments 
two-dimensional paper chromatography with 
the purified material are progress this Labora- 
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tory. has been found that coupling with di- 
azotized sulphanilic acid destroys completely the 
biological activity (Rocha Silva, 1951) and this 
reaction might depend the presence either 
tyrosine histidine the molecule. Recently, 
Vogt (1955) has shown that bradykinin loses its 
activity after deamination treatment with 
nitrous acid. This may indicate the presence 
free group the molecule. Also the 
cedures indicates, according Vogt, that free 
carboxyl group may present. 

now has been impossible obtain 
weighed sample the purest bradykinin for two 
any attempt remove phosphate from the 
bradykinin with the resins Amberlite and 
IR-120 failed because bradykinin also retained 
the resins; few milligrams this polypeptide 
corresponds large biological unitage, and most 
the material obtained from the experiments 
reported here had used for analysis. 


SUMMARY 


Bradykinin can purified chromato- 
graphy columns the ion-exchange resin 
Amberlite IRC-50 (XE-64) buffered with 
solution sodium phosphate 7-3. When the 
material obtained from previous passage 
through aluminium oxide column, two peaks 
ninhydrin-reacting material can observed the 
eluates from the Amberlite column, but only one has 
biological activity. Absorption 270 was 
absent the eluates with biological activity. 

The bradykinin obtained from the Amberlite 
column may pure since rechromatography 
new resin column buffered 6-8 with phos- 
phate solution 7-7 eluent gave single 
ninhydrin-reacting component with about the same 
biological unitage per milligram (calculated 
leucine equivalent) the original material. 

The purest bradykinin preparation obtained 
from these experiments had activity 5025 
biological units per milligram polypeptide, 
lated leucine. 


with the resins. The assistance Ferraz, Mazza and 
Lygia Andrade this work gratefully acknowledged. 
The venom Bothrops jararaca used these experiments 
was kindly supplied Professor Afranio Amaral, 
Director the Butantan Institute, Paulo, Brazil. 
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Nitrogen Metabolism the Sheep 
PROTEIN DIGESTION THE RUMEN 
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The economic importance ruminants has en- 
sured the continuous investigation their nutri- 
tional requirements, which, now clearly 
recognized, are profoundly influenced the 
presence the rumen. Ingested food subjected 
microbial attack the rumen these animals, 
process which essential for the utilization the 
roughage which normally forms substantial part 
their diet. Fermentation the rumen, however, 
results the degradation some the dietary 
protein volatile fatty acids and ammonia, 
process which some circumstances wasteful 
when the overall economy the animal con- 
sidered. 

Knowledge protein digestion the rumen has 
increased rapidly during the past decade, and 
excellent review the subject has recently appeared 
(Chalmers Synge, 1954a). The proteolytic activity 
rumen contents was recognized Sym (1938), 
and Pearson Smith (1943) obtained evidence for 
the proteolysis casein and gelatin incubated with 
rumen contents. Hoflund, Quin Clark (1948) 
found that proteins fibre form dissolved slowly 
the rumen, but the only quantitative measurements 
protein breakdown the sheep rumen are those 
made McDonald (1954), who demonstrated that 
approximately ingested zein was degraded. 
Warner (1955) has investigated the proteolytic 
activity washed suspensions rumen micro- 
organisms, and has studied the degradation 
number proteins incubated rumen’ 
similar that used Louw, Williams Maynard 
(1949). the presence toluene, which suppressed 
the activity the microbial deaminases, protein 
was degraded largely amino acids. 

The significance ammonia end product 
protein digestion the sheep rumen was first 


clearly recognized McDonald (1948, 1952), who 
demonstrated enhanced ammonia concentrations 
the rumen after the ingestion certain proteins. 
Subsequent investigations have confirmed and 
extended these observations (El-Shazly, 1952a; 
Chalmers, Cuthbertson Synge, 1954; Annison, 
Chalmers, Marshall Synge, 1954). Although 
proteins are almost certainly converted into free 
amino acids before degradation ammonia the 
rumen, the concentration free amino acids 
usually low, presumably because their rapid 
uptake degradation (McDonald, 1952). Several 
workers have investigated the degradation 
amino acids rumen organisms vitro, and 
simplify the system allow the accurate analysis 
reaction products the washed-suspension method 
Sijpesteijn Elsden (1952) has usually been em- 
ployed. Thus El-Shazly (19526), who studied the 
degradation casein hydrolysate incubated with 
washed suspension rumen organisms, found that 
ammonia and volatile fatty acids were the principal 
end products, and the formation 
acid from alanine and proline Stickland-type 
reaction was also demonstrated. Sirotnak, Doetsch, 
Brown Shaw (1953) and Lewis (1955) have 
examined the behaviour individual L-amino acids 
the washed-suspension method, but only 
aspartic and glutamic acids, serine, cystine and 
arginine were found attacked. The dissimila- 
tion reactions aspartic acid incubated with 
bovine-rumen bacteria were 
vestigated Sirotnak, Doetsch, Robinson 
Shaw (1954). 

the present work the digestion protein the 
rumen sheep fed various diets has been in- 
vestigated. The rumen ammonia and volatile fatty 
acid production sheep fed similar diets was 
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reported earlier (Annison al. 1954; Annison, 
1954). The degradation proteins vitro 
washed suspensions rumen bacteria has been 
studied, and the breakdown products have been 
examined some detail. Free «-amino nitrogen 
was estimated the specific 
dioxide method Van Slyke, Dillon, MacFadyen 
Hamilton (1941). The application this method 
sheep-rumen liquor indicated that appreciable 
amounts free «-amino nitrogen mg. 
N/100 ml.) are always present, and the variations 
concentration this constituent under different 
dietary conditions have been investigated. During 
the course this work Chalmers Synge 
reported concentrations «-amino 
nitrogen/100 ml. sheep-rumen liquor, determined 
similar procedure. Investigation the distri- 
bution nitrogen between the micro- 
organisms and the liquid rumen contents has 
shown that considerable part the free amino 
acids are associated with the micro-organisms. Much 
this «-amino nitrogen ‘bound’ the micro- 
organisms manner similar that typical 
certain Gram-positive bacteria (Gale, 1953). 

Young grasses contain appreciable quantities 
free amino acids (Waite Boyd, 1953), and 
likely that when ruminants graze lush pastures 
the concentration free nitrogen the 
rumen becomes appreciably greater than that the 
blood. Levels «-amino nitrogen the order 
mg./100 ml. have been found the rumen 
liquor sheep during and immediately following 
the consumption dried grass, and here the possi- 
bility arose that absorption amino acids from the 
rumen might occur under these conditions. Experi- 
ments involving the analysis portal blood after 
casein hydrolysate had been added the rumen 
sheep, however, suggested that amino acids are not 
absorbed from the rumen. 


MATERIALS AND METHODS 


Experimental animals. Clun Forest sheep with per- 
manent rumen fistulae were employed. Two animals re- 
ceived special rations devised McDonald during 
another investigation. The basal diets these sheep were 
similar, and consisted 600 straw (alkali-washed), 
150 starch, 100 sucrose, 200 molasses and 
500 water. The straw was steeped NaOH for 
washed free from alkali and dried 
procedure which decreased the water-soluble N-containing 
materials negligible amounts. The total (Kjeldahl) 
the treated straw was addition, the two sheep 
were fed daily supplements 100 casein (sheep 
and 100g. casein digest (sheep 2). The casein digest 
(N, free 1-2%) was obtained from Allen 
and Hanbury Ltd., Bethnal Green, London. additional 
five sheep were given the following diets the amounts 
shown (per day): hay kg.), sheep hay kg.) and casein 
(150 g.), sheep dried grass sheep alkali- 
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washed straw (300 g.) and flaked maize (600 g.), sheep 
hay (300 g.) and groundnut meal (300 g.), sheep The 
animals were trained consume the ration within 1-2 hr. 

Proteins used for vitro experiments. The soluble proteins 
casein and bovine albumin and the partially soluble plant 
proteins arachin, zein, wheat gluten and protein’ (from 
soya bean) were used. These contained, respectively, 
14-2, 15-5, 14-2, 13-1 and Casein (British Drug 
Houses Ltd.) was dissolved phosphate buffer, 
7-0, and dialysed against six changes the same 
buffer. The solution (approximately was then filtered 
through Seitz pad and stored under sterile conditions. 
aqueous solution (1%) bovine albumin 
(Armour Laboratories Ltd., U.S.A.) was prepared 
similar manner after dialysis against water. The plant 
proteins arachin (Imperial Chemical Industries Ltd.), zein, 
wheat gluten and (the last three materials were 
obtained from Nutritional Biochemicals Ltd., U.S.A.) were 
suspended water and dialysed against water 
remove diffusible material, and then freeze-dried. 


Analytical methods 


Total This was estimated the Kjeldahl method with 
the procedure Hiller, Plazin Van Slyke (1948) 
modification suggested McDonald (private 
communication). Mercury, which used catalyst 
this method, interferes with the steam-distillation 
ammonia, and the original method dust added 
the distillation mixture immobilize the mercury. This 
troublesome procedure Markham still used, since the 
vigorous evolution hydrogen which occurs during steam- 
distillation under alkaline conditions produces fine spray 
alkali which high blanks, and the not 
removed completely when the still McDonald 
has shown, however, that most the mercury can 
removed adding the dust aqueous solution 
(15 ml.) the digest. The amalgamated zinc settles out and 
portions the aqueous digest can then steam-distilled 
the normal manner after the addition excess NaOH. 
Control experiments showed excellent. recoveries NH, 
when digests were distilled after this procedure. 

Ammonia. The general procedure (1948) was 
used determine NH, rumen contents. the vitro 
experiments the NH, content the incubated suspensions 
was determined without prior deproteinization. 

Volatile fatty acids. The methods reported earlier (Annison, 
1954) were used for the estimation the total concentration 
volatile fatty acids rumen liquor, and where necessary 
complete analyses these were made the gas-liquid 
partition chromatographic method James Martin 
(1952). Analyses for volatile fatty acids were made the 
incubation mixtures used the vitro experiments 
similar methods. 

Blood «-amino The procedure Hamilton Van Slyke 
(1943) was used. Blood urea was 
analysis for and higher than mg./100 ml. 
the modification involving incubation the deproteinized 
solution with ninhydrin before carrying out the reaction was 
employed. Estimations were made whole blood and 
plasma, heparin being used the anticoagulant. 

Blood urea. This was determined described Conway 
(1947). 

Paper chromatography amino 
analyses amino acids were made the one-dimensional 
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NH, soln. (3:1, v/v) solvent (descending), and Clayton 
(1954) with ethyl methyl 
vater (75:25:30, vol.) and the ascending method. The 
were developed spraying with nin- 
(1% butanol) and heating 100° for min. 

(O, method specific for free but Hamilton 

Slyke (1943) reported some interference plasma 

For this reason strained rumen liquor was de- 
before analysis, with picric acid, which exerts 
influence the subsequent reaction (Hamilton Van 
Slyke, 1943). Preliminary experiments showed that was 
necessary acidify strained rumen liquor 
with ml. picric acid. After centrifuging (15 min., 
3000 ml. portions supernatant were examined for 
with the procedure and apparatus described 
Hamilton Van Slyke (1943). Analyses were made 
adding 100 mg. citrate buffer (Van Slyke al. 
1941) each sample. When the reaction carried out 
peptides CO, formation from uronides. comparison 
the results obtained when several samples deproteinized 
rumen contents were examined parallel 2-5 and 4-7 
indicated greater CO, production the higher pH. This 
possibly due CO, evolution from y-aminobutyric acid 
under these conditions, and analyses throughout 
the investigation were therefore made 2-5. 

When control experiments were made comparing «-amino 
levels deproteinized and untreated samples strained 
rumen liquor, the content the untreated 
material was found higher than the 
deproteinized rumen liquor, results which could not 
accounted for the interference protein the untreated 
samples. addition, ml. samples strained rumen 
liquor were dialysed against ml. water for hr., 
with continuous agitation the cellophan sac. The diffu- 
sates (50 ml.) were concentrated vacuo 
and examined for Values similar those ob- 
tained when whole rumen liquor was examined were ob- 
tained. These results suggested that deproteinization caused 
considerable losses «-amino that much the 
amino untreated rumen liquor associated with the 
micro-organisms and not liberated deproteinization. 
Since considerable use was subsequently made dialysis 
1-2°, the possibility liberation uptake under 
these conditions was examined. Control experiments with 
rumen liquor showed, however, that the NH, and 
a-amino levels remained unchanged after hr. 

The dialysis procedure described above was adopted for 
the estimation ruminal «-amino levels, since this 
method allowed the contents diffusible peptide 
determined the same samples (see below), and addition 
gave results which were only slightly lower than those 
obtained examining the whole suspension. 

Determination diffusible peptide Strained rumen 
liquor (10 ml.) ml. the incubation mixtures used 
the vitro experiments was dialysed cellophan tubing 
against water for 24hr., with continuous 
agitation the dialysis sac. The diffusate (50 ml.) was 
adjusted 7-0, concentrated vacuo 30-40° and 
made ml., and ml. portions were hydrolysed 
sealed ampoules with ml. 100° for hr. 
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The hydrolysates were taken dryness vacuo over conc. 
H,SO, and KOH pellets, and the residues dissolved water 
and examined for free Corrections were made for 
the free content the concentrated diffusates. 
peptide therefore represents the «-amino 
which liberated hydrolysis the diffusible peptides. 

Incubation experiments with washed suspensions. The 
suspensions were prepared the general procedure 
Sijpesteijn Elsden (1952), all operations being carried out 
cold room 1°. Rumen contents, strained through 
two layers muslin, were lightly centrifuged remove 
plant particles and protozoa, and then centrifuged high 
speed for min. The residue was resuspended 
the original volume with phosphate buffer, 7-0, 
prepared from and with appropriate 
dilution, and containing This buffer was 
made O,-free before use. The suspension was centrifuged 
high speed (14000 for min., and the washing repeated, 
when the residue was finally resuspended buffer half 
the original volume. Suspensions were adjusted the 
required concentration, measured content, dilution 
and measurement photoelectric colori- 
meter (Unicam SP. 200, orange filter). was necessary 
prepare calibration curves turbidity against (Kjeldahl) 
content for the washed suspensions from each sheep used, 
since there was considerable variation the content 
washed suspensions bacteria similar optical density 
from different sheep. Suspensions containing 0-5 1-0 mg. 
bacterial N/ml. were usually employed. 

The large double side-bulb flasks described Lewis 
Elsden (1955) were used for the incubation experiments. 
The washed suspension (15 ml.) was placed the main bulb 
and the substrate side bulb. The flasks were gassed with 
O,-free and incubated bath 37° with constant 
shaking (120/min.). Immediately removal from the bath 
the flasks were cooled crushed ice prevent further 
reaction, and made ml. The bacterial suspensions 
were not acidified stop further reaction, since this pro- 
cedure would have caused protein precipitation, with some 
loss free The final suspension was analysed for 
NH,, volatile fatty acids, and peptide the 
methods described. 


RESULTS 


a-amino and ammonia levels various 
diets. The levels «-amino and ammonia, and 
some cases peptide were determined the 
dialysis procedure the rumen liquor sheep 
and which had been fed the diets described 
earlier. From the results shown Fig. can 
seen that, general, increases ammonia concen- 
tration parallel those amino Since the levels 
both constituents increased rapidly during feeding, 
was interest examine the free «-amino and 
ammonia content the foodstuffs. Samples (10 g.) 
the hay and dried grass used these experiments 
were extracted three times with water (50 ml.) 
room temperature and the total «-amino and 
ammonia the combined extracts determined. 
The respective values for hay were 16-1, 3-19 and 
3-9 mg., and for dried grass 17-1, 6-15 and 2-3 mg. 
The ammonia measured under these conditions 
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probably largely derived from amides which break 
down ammonia under the alkaline conditions used 
the estimation ammonia. The results indicate 
that the large increases rumen 
ammonia during and immediately after feeding 
dried grass are largely due the presence free 
and labile amide the foodstuffs. For 
this reason the results obtained with sheep are 
particular interest since the rations which was 
fed, casein and alkali-washed straw, contained 
negligible amounts free «-amino amide 
The sheep consumed the ration within hr., and 
there were rapid increases the and 
ammonia concentrations above the resting levels, 
followed sharp fall the «-amino concentra- 
tion (Fig. A). The diet sheep included 100 
casein digest (total free 
and the results (Fig. indicate the rapid 
utilization degradation «-amino the rumen 
this animal. Low ammonia concentrations the 
rumen which occur when sheep are fed.on flaked 
maize (Annison al. 1954) are paralleled low 
levels (Fig. D). 

Influence carbohydrate rumen a-amino 
peptide and ammonia levels. Concentrations 
these constituents the rumen sheep and 
were followed under the usual feeding conditions 
(Fig. and also when the starch and sucrose 
components were, for the day the experiment 


6 = 
<x 22 


Time after feeding (hr.) 


(B), 


(A) and diffusible peptide sheep (A), 
and (D). Diets are given the text. 
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only, omitted from the diets (Fig. Omission 
starch and sucrose did not affect the rate which 
the food was eaten. Peptide levels the rumen were 
not followed sheep view the large amount 
present the casein digest which formed part the 
diet. With sheep the less rapid disappearance 
free and the increased ammonia pro- 
duction when starch and sucrose were omitted was 
probably due diminished bacterial growth. With 
sheep increased levels and ammonia 
were observed when starch and sucrose were 
omitted, but the peptide levels were similar 
both diets. These results confirm those 
(1952), who showed that the addition starch 
the rumen lowered the ammonia level there, and are 
line with the well-established observation that the 
utilization non-protein ruminants im- 
proved when fermentable carbohydrate also fed. 
Possible absorption amino acids from the rumen. 
Under certain the level «-amino 
rumen contents considerably higher than that 
blood. This almost certainly when animals 
are feeding fresh grass, which contains consider- 
able amounts free amino acids. The possibility 
that amino acids might absorbed from the rumen 
was investigated adding comparatively large 
amounts casein hydrolysate the sheep rumen 
and comparing «-amino levels portal and 
pheral blood. preliminary acute experiment 
100 casein hydrolysate 200 ml. water 
(pH 7-0) was added the rumen kg. sheep, 
and the animal immediately anaesthetized with 
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Time after feeding (hr.) 
Fig. Concentrations the rumen ammonia 


(A) and diffusible peptide sheep (4) 
and sheep (B) when carbohydrate was omitted from the 
diets both sheep the day the experiment. 
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Nembutal (sodium pentobarbitone). The portal 
vein the sheep was exposed and min. after 
placing the casein hydrolysate the rumen, 
samples portal and venous blood were taken 
simultaneously for «-amino estimations (plasma 
and whole blood). evidence was obtained for 
any absorption amino acid into portal blood, 
since the values for portal blood (whole blood 5-17 
and plasma mg. «-amino N/100 ml.) were, 
fact, somewhat lower than those for jugular blood 
(5-65 and 4-27 mg. «-amino N/100 ml. for whole 
blood and plasma respectively). work 
(unpublished) had indicated that «-amino levels 
simultaneous samples jugular and carotid 
blood are similar, both before and after feeding. 
further experiment, portal-blood samples were 
taken from conscious sheep means portal- 
vein catheter (Annison, Lewis Hill, 1955) before 
and after the addition solution casein hydro- 
Carotid-blood samples were obtained simultaneously 
for comparison, the animal possessing permanently 
exteriorized carotid artery. The level «-amino 
the rumen was also followed (Table 1). These 
results suggest that amino acids are not absorbed 
from the rumen. 

Distribution «-amino rumen liquor. The 
distribution between the micro- 
organisms and the liquid phase the rumen con- 
tents sheep before and after feeding was in- 
vestigated. Samples strained rumen liquor were 


Table Levels «-amino portal and carotid- 
artery blood ufter administration 
casein hydrolysate the sheep rumen 


levels (mg./100 ml.) 


Time after 


administration Rumen Portal Carotid 
(hr.) contents blood blood 
3-48 3-04 
3-18 2-94 
2-54 2-91 
18-8 2-02 1-93 


Table «-Amino levels rumen liquor casein- 
sheep (1) determined before and after high-speed 
centrifuging the liquor 


Sample Method treatment (mg./100 ml.) 
Pre-feed SRL* deproteinized 1-29 
Supernatant deproteinized 0-13 
SRL dialysed 2-19 
Supernatant SRL dialysed 0-28 
Post-feed deproteinized 2-09 
Supernatant deproteinized 0-67 
SRL dialysed 3-67 
Supernatant SRL dialysed 0-78 


SRL: strained rumen liquor. 
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centrifuged 000g for min. 1°, and the 
original solution and the supernatant were examined 
for after deproteinization, and the 
dialysis technique. The results (Table indicate 
that most the «-amino associated with the 
rumen particulate matter and that deproteinization 
results considerable losses. The ‘bound’ 
internal amino acids Gram-positive bacteria 
(Gale, 1953) are liberated from the cells acid 
treatment, boiling the action cetyltri- 
methylammonium bromide (CTAB), and the action 
CTAB strained rumen liquor was examined. 
pre-feed sample strained rumen liquor (sheep 
was immediately cooled 1°, and the following 
operations were carried out that temperature. 
portion was deproteinized the usual manner, 
and further was treated with CTAB 
(100 mg.) and allowed stand for min. before 
was deproteinized before. Further 
portions (25 ml.) untreated and CTAB-treated 
strained rumen liquor were centrifuged 14000 
for min., and «-amino was determined the 
supernatant. The residues after centrifuging were 
washed twice with ml. O,-free phosphate 
buffer containing 0-02 then resuspended 
water and dialysed described earlier allow 
the diffusible «-amino determined. 
addition, the «-amino contents CTAB-treated 
and untreated sheep rumen liquor were determined 
the dialysis method. The increased liberation 
from the micro-organisms after CTAB 
treatment apparent from the results shown 
Table 

examine the amount «-amino associated 
with known quantity microbial estimations 
and Kjeldahl were made pre-feed 
samples strained rumen liquor from sheep and 
before and after high-speed centrifuging (14000 
min.). The samples were not treated with CTAB. 
The difference Kjeldahl levels between the 
original strained rumen liquor and the supernatant 
largely measure the microbial although 
doubt some contributed food particles. The 
results (Table showed that about the 
the micro-organisms free «-amino This was 
confirmed examining the free «-amino content 
well-washed suspensions rumen bacteria from 
sheep and immediately before and hr. after 
feeding. The washed suspensions were prepared 
described Sijpesteijn Elsden (1952) except that 
the final suspensions were made water. All 
operations were carried out 1°. The final suspen- 
sions were heated 100° for min. liberate 
‘bound’ amino (Gale, 1947) before dialysis the 
usual manner. Determination diffusible 
and peptide relation the total the 
final suspensions (Table 5), indicated that appreci- 
able amounts these materials remained associated 
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with the cells after thorough washing. These 
diffusates were examined for amino acids paper 
chromatography before and after hydrolysis (see 
below). 


Table levels rumen liquor casein- 
fed sheep (1) determined before and after CTAB 


treatment 
a-Amino 


Sample Method treatment (mg./100 ml.) 

Untreated Deproteinized 1-4] 

SRL* Centrifuged, supernatant 
deproteinized 

SRL dialysed 1-51 

Washed suspension dialysed 0-56 

CTAB- Deproteinized 1-53 

treated SRL Centrifuged, supernatant 1-27 
deproteinized 

SRL dialysed 2-02 

Washed suspension dialysed 0-73 


SRL: strained rumen liquor. 


Table Total and levels rumen 
liquor casein-fed sheep and before and after 
high-speed centrifuging liquors 


Rumen liquors were centrifuged for min. 
Samples were taken hr. after feeding. 


Kjeldahl 


Sample (mg./100 (mg./100 ml.) 
Sheep SRL* 2-42 
Sheep SRL supernatant 0-17 
Sheep SRL 101 2-61 
Sheep SRL supernatant 1-21 


SRL: strained rumen liquor. 


Table Total «-amino and diffusible peptide 
content well-washed suspensions rumen micro- 
organisms from sheep and 


Samples taken before and hr. after feeding. 


Total 
(mg. 


(mg. 


Peptide 
(mg. 


Sample 100 ml.) 100 ml.) 100 ml.) 
Sheep pre-feed 182 1-65 1-51 
Sheep post-feed 198 0-68 
Sheep pre-feed 214 2-09 

205 1-95 0-66 


Sheep post-feed 


Table Total and «-amino content washed 
suspensions rumen micro-organisms graded for 
size differential centrifuging 


Total 


Ratio: 
Total 


a-Amino 


Whole 1-1 54-0 49-1 
population 
0-71 34-0 47-9 
1-20 58-2 48-5 
1-77 49-4 
0-46 35-9 78-0 
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The microbial population pre-feed sample 
rumen contents from casein-fed sheep was 
fractionated differential centrifuging into four 
parts. The fractions were obtained centrifuging 
successively rumen liquor, under the 
following conditions: 1000 for min.; 2000g 
for 4min.; 2500g for 5min.; for 
40min. sample the whole population (in- 
cluding Protozoa) was separated centrifuging the 
strained rumen liquor (20 ml.) 14000 for min. 
Each fraction was washed twice phosphate 
buffer and finally resuspended water (15 ml.). The 
total and «-amino content the suspensions 
(Table suggested that the ‘bound’ «-amino was 
not associated with fraction any particular size. 

Analysis the amino acids liberated from washed 
suspensions rumen organisms. The amino acids 
present the diffusates the washed suspensions 
examined above (Table were examined paper 
chromatography before and after hydrolysis. Each 
sample contained large number amino acids, 
but although single amino acid was present 
overwhelming proportions, large well-defined spots 
identified valine were 
obtained each case. Aromatic amino acids 
appeared absent, and there were qualitative 
differences the chromatograms obtained from 
any one suspension before and after hydrolysis. 
Proline, glutamic acid, aspartic acid, alanine, 
serine, threonine and arginine were provisionally 
identified their values. 


vitro degradation proteins washed 
suspension rumen bacteria 


Degradation casein. The breakdown casein 
washed suspensions rumen organisms from the 
sheep fed hay, groundnut and casein (3, and4 
respectively) was examined. Identical amounts 
used each experiment. The time course libera- 
tion volatile fatty acids, ammonia, free 
and diffusible peptide 7-0 was followed 
(Fig. and substantial degradation the casein 
occurred each case. Diffusible peptide was 
rapidly liberated each instance, indicating the 
marked proteolytic activities the washed sus- 
pensions from each sheep irrespective diet. The 
proportion ammonia the split products re- 
sulting when casein was incubated with the 
organisms from the sheep fed hay (Fig. was 
much lower than those observed when washed 
suspensions from the sheep fed casein and ground- 
nut were examined. each instance the rate 
exceeded that ammonia production, which 
marked contrast the situation vivo, where the 
rumen concentrations free are always 
considerably less than those ammonia. This 
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difference probably results from the partial loss 
deaminating power the organisms which, has 
been observed, invariably occurs during the pre- 
paration the suspensions (Lewis, 1955), and 
also likely that vivo the rumen flora rapidly 
utilize amino acids. expected, roughly equivalent 
amounts volatile fatty acids and ammonia were 
produced during the incubation casein. Values 
obtained for diffusible peptide levels were some- 
what lower than the true figures, since some 
destruction amino acids occurs under the 
conditions employed for acid hydrolysis. Adequate 
controls are essential this type experiment, and 
each case analyses were made suspensions 
incubated without casein for similar times, and 
suitable corrections made the experimental 
results. Thus when well-washed suspension 
rumen organisms from sheep fed casein was 
incubated alone for hr. under the usual experi- 
mental conditions, the total the sus- 
pension appeared ammonia. The «-amino 
content the organisms slowly decreased during 
this period, but this source accounted for only 
about 10% the ammonia. The time course 
casein degradation washed suspensions rumen 
bacteria from casein-fed sheep the presence 
toluene ml. each Lewis—Elsden flask) which 
inhibits deamination (Warner, 1955), was also 
examined (Fig. and these results can 
compared with those obtained the absence 
toluene (Fig. Rapid liberation peptides 
occurred and the suppression deamination 
resulted, expected, the production less 
ammonia and considerably more free «-amino 
The volatile fatty acids produced the incuba- 
tion casein with washed suspension from casein- 
fed sheep the results which are shown 
Table were examined gas chromatography. 
The molecular proportions the individual volatile 
fatty acids produced the control suspension and 
the suspension incubated with casein are shown 
together with the figures for the volatile fatty acids 
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produced the breakdown casein, 
the assumption that the breakdown endogenous 
material not influenced the presence the 
casein. 

The influence the relative amounts 
products formed the degradation casein 
incubated with washed suspension rumen 


Time incubation (min.) 


120 


Fig. Time course liberation ammonia «-amino 
(A) and diffusible peptide from casein when 
incubated with washed suspensions rumen organisms 
from sheep (A), (B), (C) and from sheep the 
presence toluene (D). 


Table 


Volatile fatty acids produced the incubation casein with washed suspension 


rumen organisms from casein-fed sheep (4) 


Casein (200 was incubated for hr. with the washed suspension organisms (0-48 mg. N/ml.). VFA: 


volatile fatty acids. 


Molecular percentages VFA 


isoValeric 
VFA 
content 
Sample (umoles) Formic Acetic Propionic isoButyric 
casein 


from casein 
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for 
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ve A Oo 
m O 
Ls 


ANNISON 


bacteria from sheep shown Fig. Phos- 
phate buffers prepared from and 
K,HPO, were employed, and determinations 
were made control flasks set parallel with 
the experimental flasks and containing casein, 
phosphate buffer and washed suspension similar 
proportions. The results indicated that the overall 
degradation casein was relatively insensitive 
the range but peptide breakdown and 
amino acid deamination occurred most rapidly 
6-9. Peptide splitting was probably stimulated 
6-9 the removal the reaction products 
deamination, since, when the experiment was 
repeated the presence toluene (0-5 ml. each 
flask), peptide production was maximal 6-9, 
but peptide degradation measured free 
production was similar over the range 
7-0 (Fig. B). 

Comparison rates degradation different 
proteins vitro. The breakdown casein, bovine 
albumin, arachin, zein, wheat gluten and soya 
protein washed suspensions rumen 
bacteria from sheep and fed hay, casein and 
groundnut meal respectively, was examined. The 
six proteins were incubated simultaneously with 
each suspension. The soluble proteins, casein and 
bovine albumin, were examined aqueous solution, 
but the partially soluble materials were suspended 
water. These proteins (250 each) were 
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(A) and diffusible peptide when casein 

was incubated with washed suspensions rumen organ- 

isms alone (A), and the presence toluene (B). The 

extent total degradation measured the sum the 
nitrogenous breakdown products also given (@). 
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incubated for hr. under the experimental condi- 
tions described earlier, with washed suspensions 
containing about bacterial N/ml. The 
products, volatile fatty acids, ammonia, «-amino 
and diffusible peptide were measured and the 
results are shown Table The total degradation 
each protein examined, i.e. the sum the 
containing split products (Table were strikingly 
similar most cases for each protein when incubated 
with the different washed suspensions. excep- 
tion was purified bovine albumin, which, although 
slightly incubation with washed 
suspension rumen organisms from sheep fed 
hay and casein, was not attacked washed 
suspension from the sheep receiving groundnut cake. 
seemed possible that the albumin contained 
impurity which inhibited proteolytic activity, but 
when mixtures casein and albumin were incubated 
with washed suspensions rumen organisms from 
the casein-fed sheep the protein degradation was 
10-20% greater than that which occurred when 
similar quantities the proteins were examined 
separately under identical conditions. 


DISCUSSION 


The demonstration measurable quantities 
amino acids and peptides rumen contents 
further evidence that proteolysis the first step 
the digestion protein the rumen. This well 
illustrated the results analyses rumen 
contents after the ingestion rations containing 
protein but not free amino acid peptide (Fig. A). 
The failure the «-amino nitrogen level rise 
above about 10mg./100ml., and its rapid fall 
hr. after the cessation feeding are presumably 
due the rapid uptake deamination the amino 
acids the rumen micro-organisms, since 
evidence was obtained for their absorption from 
the rumen into the portal system. 

Additional evidence the proteolytic activity 
rumen contents was obtained incubating 
number proteins with washed suspensions 
rumen bacteria, when casein, arachin and soya- 
bean protein were found extensively degraded, 
but bovine albumin, wheat gluten and zein were 
only slightly attacked (Table 8). Casein 
were shown Annison al. (1954) suffer 
extensive degradation ammonia the sheep 
rumen, and the slow digestion zein was demon- 
strated McDonald (1954). Although results 
have been reported the digestion albumin 
the rumen, blood meal was found Pearson 
Smith (1943) only slowly attacked. When the 
total degradation casein the washed sus- 
pensions from the sheep maintained 
different diets considered, the quantities casein 
degraded are more similar than the ammonia 


NITROGEN METABOLISM THE SHEEP 


713 


production would suggest. 
found that sheep fed casein develop rumen flora 
with vigorous deaminating properties. general 
the results indicate that washed suspensions from 
sheep fed different diets are similar proteolytic 
activity, but that casein feeding results the 
development rumen flora with vigorous de- 
aminating power towards casein. Similar con- 
clusions were reached Warner (1955). 

Convincing evidence has been obtained that the 
value casein the ruminant animal varies 
inversely with the extent which the protein 
degraded microbial action (Chalmers 
al. 1954; Chalmers Synge, the in- 
gested protein low biological value, however 
(unlike casein), its degradation and resynthesis 
microbial protein high biological value might 
advantageous. Thus although general proteins 
which are readily degraded ammonia the 
rumen are unlikely prove satisfactory rumi- 
nant foodstuffs, since much the ammonia 
absorbed, converted into urea and excreted, each 
protein must considered separately. The major 
factors rumen metabolism which influence protein 
value are: (1) ammonia absorption (2) the extent 
synthesis nitrogenous compounds low 
negligible value the host, e.g. nucleic acids; 
(3) the relative biological values microbial pro- 
teins and feed proteins, and the proportions 
these two which finally become available for 
digestion (McDonald, 1952). 

The association substantial part the free 
nitrogen rumen contents with the micro- 
bial population implies that, except after feeding, 
when substantial rise occurs, the normal level 
nitrogen the liquid phase rumen 
contents does not reflect the amounts amino acids 
available for reactions the rumen. Similarly, 
detailed analyses for amino acids supernatants 
obtained the centrifuging rumen contents are 
limited interest, since probable that the 
amino acids associated with the microbial cells and 
rumen liquid are dynamic equilibrium. When the 
reactions amino acids incubated with suspensions 
rumen organisms are examined would seem 
desirable follow the fate added substrate 
addition the formation end products. The 
amino acids associated with rumen organisms are 
not ‘bound’ manner strictly similar that 
which obtains with certain Gram-positive bacteria 
such Staphylococcus aureus (Gale, 1953), since 
although substantial amount retained after 
several washings with buffer, most the «-amino 
nitrogen released dialysis for hr. 1°. 

The behaviour substrates incubated with 


washed suspensions rumen bacteria provides 
useful information the degradative reactions 
which probably occur 
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degradation examined this procedure, the 
mixed, and the individual organisms are different 
stages growth, and (b) many enzymes are 
successively involved the breakdown protein 
volatile fatty acids and ammonia. The isolation 
individual organisms involved nitrogen meta- 
bolism the rumen progress, and the proteo- 
lytic enzyme systems will examined some 
detail. Studies the various aspects nitrogen 
metabolism the rumen may ultimately provide 
information which will allow the value ofa particular 
ration predicted without recourse large- 
scale feeding trials. 


SUMMARY 


Measurable amounts nitrogen 
mg./100 ml.), and nitrogen 
which liberated hydrolysis the diffusible 
rumen contents under resting conditions. The con- 
centrations these constituents may show five- 
ten-fold increase during and immediately after 
feeding. 

The analysis for «-amino nitrogen portal 
and arterial blood taken from sheep with casein 
hydrolysate placed its rumen suggested that 
amino acids are not absorbed from the organ. 

The rates disappearance ammonia and 
amino acids from the sheep rumen after the feeding 
casein hydrolysate were increased the 
presence carbohydrate. 

Much the free «-amino nitrogen whole 
rumen contents associated with the micro- 
organisms present. 

The time course liberation diffusible 
peptides and amino acids from casein, and the 
production ammonia and volatile acids was 
followed when the protein was incubated with 
washed suspensions rumen organisms. 

The vitro degradation casein, bovine 
albumin, arachin, zein, wheat gluten and soya 
protein, washed suspensions rumen organisms 
from sheep fed diets based hay, casein and 
groundnut, was examined. Casein, arachin and 
soya protein were readily degraded, but bovine 
albumin, zein and wheat gluten were less extensively 


attacked. 
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Discussion the important problem protein 
synthesis often concerned with the apparent 
paucity peptides (other than glutathione) cells. 
That this paucity may more than apparent 
suggested the recent work Turba Esser 
(1955) yeast, Westall (1955) urine, and the 
work described below the lens the calf. 
Nearly all the solid the lens protein, and cow 
lens has more than twice the weight calf lens 
(and less dense), the absolute amount 
protein the lens young animal increasing. 
Moreover, the lens exceptional tissue two 
ways: there flux the cellular population, and 
the organ enclosed capsule believed 
impermeable proteins. These characteristics 
formed the basis the idea that peptides, 
involved protein metabolism, might well 
present the lens young animals. also 
noteworthy that glutathione present re- 
latively high the lens (Kleifeld 
Hockwin, 1956). Carnosine the only other peptide 
whose presence has been reported the lens (Krause 
1936). 

the predominant diffusible ninhydrin-positive 
species are amino acids, advantage use 
method fractionation which separates peptides 
from most them. With acidic (or basic) peptides, 
this separation can effected electrical- 
transport methods ion-exchange resins; the 
work described below zone electrophoresis 
Flodin, 1953) has been used. Preliminary experi- 
ments showed that was the acidic fraction 
which hydrolysis brought about the greatest change 
chromatographic pattern, and the work 
described below deals only with acidic peptides. One 
such peptide (for which the name ophthalmic acid 
proposed) particularly abundant, and ‘is being 
investigated detail. 


METHODS 


Analytical techniques 


Separation peptides from proteins. Dialysis was 
the main method removing high-molecular- 
weight material used this work. clear-cut 
separation between small peptides and proteins can 
thus effected homogeneous solution. The use 
protein precipitants has been mostly avoided (cf. 


Gordon, 1949; Synge, 1951), precipitated pro- 
teins may adsorb peptides. Thus Walker (1952) has 
noted losses glutathione ethanol precipitation 
proteins, and the presence peptides adsorbed 
trypsin, even after repeated recrystallization, has 
been reported (Desnuelle, 1953). 

Dialysis buffered solutions. Enzymic reactions 
during the dialysis must minimized, otherwise 
any peptides present may hydrolysed amino 
acids, and proteolysis will give rise peptides 
which are artifacts. Thus desirable inactivate 
enzymes without precipitating them. Hence the 
tissue was disintegrated, and dialysis carried out, 
buffered solution. The buffer must also volatile, 
dissolve solvents which are not likely 
dissolve peptides, and must not precipitate 
proteins. The alkaline buffer used was triethylamine 
half neutralized with formic acid; this point the 
(10-8) high that enzymic reactions are 
unlikely take place, but not high that peptide 
bonds are likely split. comparative experi- 
ment, dilute formic acid was used acidic 
buffer. Both buffers were good solvents for the lens 
proteins, that practically all the cellular con- 
stituents remained solution during the dialysis. 
The main results were qualitatively the same 
whether dialysis took place alkaline 
solution. 

partition. the earlier work, the 
next step the fractionation was phenol—water 
partition. Grassmann Deffner (1953) showed that 
proteins were extracted from water phenol, and 
partition has been used the study 
the peptides the licheniformin group (Callow 
Work, 1952), corticotrophin (Dixon Stack-Dunne, 
1955) and the bound amino acids grass (Synge 
Wood, 1954). important advantage this step 
that inorganic salts which interfere with paper 
chromatography are thereby removed. has since 
been found that salts not interfere paper 
electrophoresis, that the later work this step 
has been omitted; fact, some the peptides 
encountered have favourable partition co- 
efficients for extraction phenol, but this may not 
for all them. The partition coefficient 
glutathione was found increased nearly 20-fold 
favour the non-aqueous phase when the system 
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system. comparable change was 
brought about paper chromatography: thus the 
value y-glutamylglutamic acid was raised 
from 0-08 phenol—water (ammoniacal atmos- 
phere) (LeQuesne Young, 1950) 0-6 
trichloroacetic acid (with paper which had 
previously been soaked the solvent and dried). 

Paper electrophoresis. This technique has proved 
invaluable. can carried out protein-free 
tissue extracts, thus obviating the need remove 
salts, and has the great advantage that electro- 
phoretic mobility much more easily correlated 
with chemical structure than chromatographic 
mobility. This point particularly important when 
compounds unknown structure are present 
complex mixtures. Larger amounts can handled 
paper electrophoresis than paper chromato- 
graphy, and nearly gram material can 
fractionated one run when slabs cellulose 
powder replace sheets filter paper. The use 
high voltages adds resolution (Michl, 1951; Werner 
Westphal, 1955; Wieland Pfleiderer, 1955). 
After paper electrophoresis, further fractionation 
paper chromatography has proved useful. 


General 


The eyes, which were removed from the calves soon after 
death, were cooled ice while being taken the 
the lenses (average weight approx. g.) were stored frozen. 
The tissues were disintegrated top-drive macerator 
(Townson and Mercer, Ltd., Croydon). 

Descending paper chromatography Whatman no. 
Whatman no. paper was generally used; the solvent 
mixture n-butanol-acetic acid—water (40:9:20, vol.) 
referred butanol-acetic acid; freshly prepared solvent 
was employed. 

The several different procedures for paper electrophoresis 
are described below; Whatman no. and Whatman no. 
papers were used. 

Paper blanks. the earlier work, chromatographically 
washed paper was used for preparative chromatography and 
electrophoresis; however, there little contamination when 
unwashed Whatman no. paper used. The amount 
impurity extracted from the paper depends the chromato- 
graphic solvent (or the buffer for electrophoresis) and the 
solvent afterwards used for elution. Paper electrophoresis 
the acid (pH buffer and elution with dilute acid 
appeared give relatively little impurity; presumably 
much the inorganic contaminant removed during the 
electrophoresis. More impurity obtained after chromato- 
graphy, but even here paper blanks’ (i.e. extraction the 
paper where spots were), which were normally carried 
out each stage the fractionations, yielded little nin- 
hydrin-positive material after hydrolysis. 

Detection amino acids and peptides. Amino compounds 
were detected dipping the papers ninhydrin (0-4%, 
w/v) and cobalt chloride (0-2%, w/v) propan-2-ol 
(Wiggins Williams, 1952), heating until the colours 
started appear, and then holding the papers jet 
steam for short time; maximum colour development was 
attained after about 24hr. Compounds containing 
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amino imino group, and amides (including some nucleo- 
tides), were detected chlorination treatment 
with o-tolidine (Reindel Hoppe, 1954); the colours fade 
fairly fast and especially fast phenol was used chro- 
matographic solvent, even the paper has been washed 
subsequently developed another solvent. When the 
chromatographic solvent contained pyridine, the dried 
paper must chromatographically washed with acetone, 
held vigorous jet steam for about min.; the small 
amount pyridine the buffer used for 
electrophoresis does not interfere. 

Hydrolysis peptides. This was effected with redistilled 
sealed Pyrex-glass tubes for hr. 110°. The 
hydrolysates were transferred polythene sheet and 
evaporated dryness vacuum desiccator; drop 
water was added, the mixture rubbed with fine glass rod 
dissolve the residue, and the solution evaporated again. 

End-group determination. The peptide (about 
water and triethylamine carbonate buffer [0-1 ml.; 
prepared treating (v/v) solution triethylamine 
with CO, until the solution was alkaline phenol red but 
neutral phenolphthalein] was treated with 
dinitrobenzene (10 mg.) ethanol (0-25 ml.). The solution 
was kept for about hr. the dark, and the ethanol distilled 
room temperature; more buffer (0-2 ml.) was added, and 
the solution extracted three times with ether and then 
evaporated under reduced pressure. The residue was hydro- 
lysed under the conditions described above. The hydrolysate 
was diluted with vol. water, and extracted three times 
with ether. The combined ether extracts were extracted with 
little water (which was added the aqueous layer the 
hydrolysate), dried with Na,SO, and evaporated. The 
residue was dissolved acetone and examined paper 
chromatography the system 
Blackburn Lowther (1951), modified using 
pentanol containing 10% (v/v) propan-2-ol (R. Gregory 
Young, unpublished observation). The amino acids 
the aqueous phase the hydrolysate were identified the 
usual way. This method dinitrophenylation similar 
the modification Lockhart Abraham (1954) the 
method Sanger Thompson (1953), but here the reaction 
carried out lower little dinitrophenol formed. 


RESULTS 


Three experiments calf lenses are described 
separately different methods extraction and 
fractionation were used. 


Experiment L-I 
The scheme fractionation this experiment 
set out Fig. 


Dialysis acid solution. Twenty calf lenses were macer- 
ated with 18% (w/v) formic acid (70 ml.), and the solution 
was dialysed against (500 ml.) for hr. 4°; 
the membrane was cellulose dialysis tubing, 0-75 in. 
diameter (Gallenkamp and Co., London). The diffusate 
(which had was evaporated under reduced 
pressure, and finally kept vacuo for week. 

partition. The syrup (325 mg.) water 
(pH about was submitted three-tube 
countercurrent distribution between phenol and water, 
with the ‘diamond’ procedure Bush Densen (1948) and 
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ml. each phase. The combined phenol solution ml.) 
was diluted with light petroleum (30 ml.) and ether (20 ml.) 
and extracted with water 3-5 ml.), and the combined 
aqueous extracts were washed with ether and evaporated 
vacuo, giving 34mg. (fraction L-I-P). The aqueous 
fractions from the partition were combined, 
washed with ether, desalted electrolytically and evaporated 
vacuo, giving mg. (fraction L-I-A). 

Electrophoretic fractionation fraction L-I-P. Fraction 
10% (v/v) propan-2-ol (0-5 ml.) was applied along 
the starting line Whatman no. paper [57 cm. 
cm.; previously washed chromatographically with 
(v/v) acetic acid] and the paper moistened with pyridine— 
acetate buffer (50 ml. acetic acid, ml. pyridine and 
2-5 water; Grassmann, Hannig Pléckl, 1955) the 
starting line from each side, and electrophoresis then carried 
out 240v ma) for hr. the apparatus Cannon 
Gilson (1954). After drying 40°, the paper was heated 
110° for min. (Phillips, 1948); three fluorescent bands 
were revealed u.v. light (Fig. 2). Much buffer siphons 
down the sheet, that all the substances move downwards. 
More satisfactory separations are effected with thicker paper 
(see Expt. earlier run under these conditions 
(but with only drop the solution L-I-P) had shown three 
ninhydrin-positive spots positions corresponding both 
the fluorescent bands and approximately the positions 
occupied acidic, neutral and basic amino acids. The three 
fractions were eluted with (v/v) acetic acid, and the 


Calf lenses 


macerate, dialyse 


Non-diffusible Diffusible 
phenol-water 
partition 


fractions ‘Aqueous’ fractions 


electrophoresis electrolytic 
electrophoresis 
Acidic Neutral 
(1) (2) (3) 


Acidic Neutral Basic 


Fig. Scheme fractionation Expt. L-I. 
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eluates evaporated vacuo; the residues weighed: mg. 
(fraction 1); mg. (fraction 2); 4-6 mg. (fraction 3). 

Chromatography before and after hydrolysis. The fractions 
were dissolved sufficient 10% (v/v) propan-2-ol give 
(w/v) solutions the acidic and basic fractions and 
(w/v) solution the neutral fraction. the acidic 
and basic fractions and one-third the neutral fraction were 
hydrolysed with equal volume 105° for 
hr. sealed tubes. The hydrolysates were transferred 
polythene, evaporated, water was added and the solution 
again evaporated. Portions the hydrolysates and the 
original solutions were examined paper chromato- 
graphy, with butanol-acetic acid solvent; the acidic 
fraction (L-I-P-1) clearly contained ninhydrin-positive 
species other than glutathione and glutamic acid, although 
these appeared the main products present. The 
hydrolysate this fraction showed the expected spots 
cystine, glycine and glutamic acid, and also spot the 
position acid; fainter alanine spot 
was also observed. some chromatograms faint valine 
methionine spots, both, and leucine isoleucine spots, 
both, could seen. Paper electrophoresis (in the 
acetate buffer) the hydrolysate showed two strong spots 
one the position glutamic acid, one the position 
neutral amino acids; there was also faint spot the 
position the basic amino acids. Under these conditions, 
acid and acid travel 
further towards the cathode than other neutral amino acids; 
they were not present the hydrolysate. The chlorine— 
tolidine reagent also showed that fraction L-I-P-1 contained 
several substances which were unstable acid hydrolysis. 
The marked changes the chromatographic pattern 
brought about hydrolysis the acid fraction were not 
shown the neutral basic fractions. 

Electrophoretic fractionation L-I-A. Fraction L-I-A 
(80 mg.) 10% (v/v) propan-2-ol (0-36 ml.) was fraction- 
ated electrophoretically the procedure described for 
fraction L-I-P. The results are not illustrated they were 
essentially similar those described for the phenol extract, 
but the separation between the slower-moving and 
the neutral species was not clear-cut. The faster-moving 
fraction hydrolysis showed strong spot the 
same alanine, and faint one the same 
amino-n-butyric acid; the solution before hydrolysis did not 
show the presence these substances. 


Experiment L-II 


The scheme fractionation this experiment 
set out Fig. 

Dialysis alkaline solution. Calf lenses (117 lenses, 
111 g.), stored frozen (for approx. weeks) were added 


cm. 


Fig. Electrophoretic fractionation fraction L-I-P: no. 3MM paper; 3-9; 4-2 


The depth shading represents the strength the ninhydrin colour reaction. 
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Fig. Scheme fractionation Expt. 


cooled buffer (275 ml. buffer prepared from ml. 
triethylamine, 8-9 90% formic acid and 360 ml. 
water; about 11), stirred hand till the frozen tissue 
thawed, and then macerated for few minutes after the 
addition few drops alcohol. The solution was 
dialysed against 1-8 for days. The 
diffusate was concentrated syrup rotary evaporator 
30° and finally left for week high vacuum (in the 
presence and NaOH). From about four-fifths the 
diffusate, 5-8 syrup was obtained; this was shaken 
with (50 ml.) remove triethylammonium formate 
(and lipids) and dried, giving 1-4 gum. 
Electrophoresis cellulose powder. Whatman cellulose 
powder (ashless, standard grade; 190 g.) was stirred into 
paste with 500 ml. buffer (Grassmann 
al. 1955), and poured toa piece 0-002 in. thick poly- 
thene film draped over block marble the bottom and 
glass strips at the side, so as to form a slab 43 cm. x 20 cm. x 
the ends were blocked with folded filter paper. 
Excess liquid was removed blotting the surface, contact 
was made with the electrode vessels strips Whatman 
seed-test paper (1/16 in. thick) and the slab was left several 
hours equilibrate. The sample was introduced ab- 
sorbing filter paper and inserting this the slab; 
similar arrangement has been used Smithies (1955) 
electrophoresis proteins starch gels. The gum obtained 
from the alkaline diffusate (0-7 g.) was dissolved the 
buffer ml.), small amount solid removed the centri- 
fuge and the whole the solution absorbed Whatman 
no. paper 5-7 When the paper had 
dried was cut into strips (20 em. long) and these were 
inserted into trough made just previously the middle 
the cellulose-powder slab; then the powder was pressed 
back against the paper, the whole slab covered with piece 
Whatman no. paper, and this covered with polythene 


Fig. Electrophoretic fractionation diffusate, Expt. 
cellulose powder; 3-9; 4-7v/cm.; hr. 


cm. 
— 
=— 
Fig. Electrophoretic fractionation fraction 


cellulose powder; 3-9; hr. 


film. Electrophoresis was carried out for hr. 
(current the mobility much lower cellulose 
powder than sheets filter paper. the end the run, 
the covering piece paper was dried and developed with 
ninhydrin. This print (Fig. showed five bands the 
cellulose slab. The slab was then cut up, and the fractions 
were dried air for several days. The combined fractions 
from two runs were packed into column (diameter 1-8 
and eluted with water; about ml. solution was col- 
lected, although the ninhydrin reaction was positive 
after about had flowed through. The yields the acidic 
fractions and were 156 and 203 mg. respectively. 
Fraction was taken buffer (0-5 ml.) and fractionated 
again wide cellulose-powder slab (200v for 
hr.); the print (Fig. showed three fractions ly). 
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The cellulose-powder fractions were dried, packed into 
column (diameter and eluted with water. The yield 

Chromatographic examination fractions and 
Small spots 10% (w/v) aqueous solutions and 
were run paper chromatograms gauge the complexity 
the mixtures and test various solvents. The solvents 
investigated were acid, 
water (1:1:1, vol.), (72%, w/w) (w/v) NH, 
soln., 9-3 (Levy Chung, 1953) 
and (30:6:24:20). 
the phenol and phenol-cresol solvents, the values 
were too low; the other solvents, the acid— 
one was preferred, the more regular shape 


Fig. Chromatographic fractionation fraction 
(30:6:24:20, vol.); hr. 
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the spots suggested that adsorption was not interfering; 
this solvent, about six ninhydrin-positive spots were 
obtained from both and 18; one spot was much 
stronger than the others, but there were several spots 
much the same strength. 

Chromatographic fractionation 1a. The whole was 
applied 10cm. band (with guide spots each side) 
Whatman no. paper, and run acid— 
[the pyridine (B.D.H. ‘redistilled’) was 
redistilled under after adding Br, the n-butanol 
was also redistilled] for hr. One guide strip was treated 
with ninhydrin (Fig. 6); the other was rinsed acetone, 
dried and then chromatographically washed with acetone, 
remove the pyridine. showed several spots which 
quenched the fluorescence the paper u.v. light (prob- 
ably nucleotides), and after treatment with chlorine, 
followed showed several spots mostly the 
same positions the ninhydrin-positive ones. The fractions 
were eluted with water and the eluates evaporated. 
there were only small amounts the fractions (other than 
fraction 4), they were hydrolysed and the amino acids 
liberated hydrolysis identified paper chromatography 
acid and (w/v) NH, soln.; 
the first two fractions were examined only the former 
solvent, which does not separate cystine and cysteic acid. 
The results are given Table The main peptide, had 
N-terminal glutamic acid had zero net charge 
(Fig. 7). 

Fraction This fraction obviously quite com- 
plex, judging paper chromatography and paper electro- 
phoresis (Fig. 7); some the components had zero 
net charge The main amino acids liberated 
hydrolysis were acid, glycine glutamic acid 
(Table 2). 


and 


ana 


Table Peptides from fraction 


Main amino acids 
no. liberated 
(Fig. hydrolysis 
Cys and/or 
Gly 
Glu 
Cys and/or CySO,H 
Gly 
Glu 
Gly 
Glu ++ 
Cys ++4 
Gly 
Glu 
o Cys + + 
Gly 
Glu 
Gly 
Glu 


Spot 
Minor amino 
acids 


? Ala 


Strength 


+++ 
+++ 


X*, Lys 


Arg, 


Cys 
Gly 
Glu 
Ala 


unidentified compound, travelling just front 


arginine acid. 
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GSO3H 
GSSG 


Asp, Glu 


Fig. 


cm. 


Electrophoresis fractions and and acidic markers; no. 3MM paper; 


Table Amino acid composition 


fraction 


Main amino acids 
liberated 


hydrolysis Strength Minor amino acids 
CySO,H Asp, Ala, «-Amino-n- 
butyric acid 
lu 


n-Butanol-acetic acid 


Phenol-m-cresol-borate 


Fig. Chromatography amino acids liberated 
hydrolysis fraction L-II-2: no. paper; 
acetic acid, followed buffer. 
The identities the spots are follows: cystine; 
glutamic acid; glycine; threonine; alanine; 
acid. Spot has not been identified. 


Fraction The amino acids present hydrolysate 
this fraction were identified paper chromatography 
with the procedure Levy Chung (1953) Whatman 
no. paper; development the first direction was carried 
out for hr., and the second direction for hr. The 
results (Fig. show the presence cystine, glycine, 


glutamic acid, threonine, alanine, spot the position 
acid, and unidentified spot 
Further chromatography acid, phenol- 
(w/v) NH, soln., (1:1:1, 
(30:6:24:20, vol.) confirmed the presence the amino 
acids mentioned above; amino acid with above 
that «-amino-n-butyric acid was present. 

Oxidation fraction L-II-2. This fraction mainly 
composed glutathione. Oxidation with acid 
converts this into the corresponding sulphonic acid 
which has zero net charge low values; this 
facilitates the separation glutathione from peptides not 
containing cystine (Consden Gordon, 1950; Sanger 
Thompson, 1953). 

Formic acid (98-100%; ml.) containing H,O, (30%, 
w/v; 0-7 ml.) was added fraction (180 mg.) and the 
solution kept room temperature for Water 
ml.) was then added, and the solution concentrated under 
reduced pressure; water was added and the solution again 
evaporated, and this process repeated; finally, the solution 
was evaporated dryness vacuo. The residue was 
colourless solid (referred 

electrolytes were investigated for electrophoresis 
L-II-2-Ox low values. The first was acetic acid 
(1:1%, v/v) (pH Sanger Thompson, 1953), and, 
although this gave the expected separation between 
and the other species, with heavy loading the bands 
were diffuse. Much better results were obtained the con- 
centration acetic acid was greatly increased (e.g. 30%, 
v/v), and eventually the buffer used was (w/v) formic 
acid acetic acid and water (800 ml.) 
(Kickhéfen Westphal, 1952). The sample (18 mg.) 
water (0-05 ml.) was applied thin streak across 
cm. cm. strip Whatman no. paper which had 
been soaked buffer, blotted and laid marble slab 
covered with sheet polythene (0-002 in. thick). film 
water ensured good contact between the marble and the 
polythene sheet. The end the paper dipped into the buffer 
Perspex electrode vessels; the electrodes were in. long 
platinum wires. The solution was put cm. 
from the anode end the strip. The run was carried out 
2000v for the current rose from 
Overheating was prevented the periodic addition 
powdered solid CO, glass plate lying top the poly- 
thene sheet covering the paper. the end the run, the 
moist strip the no. paper was placed between two pieces 
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graphy acid and 


Electrophoretic fractionation fraction 


no. paper; 1-75 hr. 


Table acid composition peptide fractions 


Band Main amino acids 


no. liberated Minor amino 
(Fig. hydrolysis Strength acids 
Glu 
Ala 
Glu +++ Asp 
Gly +++ 
Glu +++ 
acid 
Ala 
Gly +++ 
Glu 
CySO,H 
butyric acid 
Gly 
Glu 
+++ 
Gly 
Glu 


method. 

very faint band, not giving sufficient amino acids 
identified. 

method. 

See Table 


Whatman no. paper, and pressure applied with photo- 
graphic roller (Ryle, Sanger, Smith Kitai, 1955). The strip 
and the prints were dried; the top print was treated with 
ninhydrin (Fig. and the bottom one with chlorine, 


followed o-tolidine. The fractions were eluted with acetic 
acid (10%, v/v), and about ml. was collected from the 
major fractions and and 0-3 ml. from the ones; 
the eluates were dried vacuo, giving mg. fractions 
and and 12-2 mg. fraction The amino acids present 
hydrolysates the fractions were identified chromato- 
(w/v) NH, 
the results are given Table Fraction mainly 
glutamic acid together with little aspartic acid, and 
fraction the sulphonic acid derived from glutathione. 
Fraction consisted several peptides, and was further 
fractionated. 

Chromatographic fractionation Fraction 
(2mg.) water (0-1 ml.) was spread narrow band 
long Whatman no. paper, with guide spots 
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each side. The chromatogram was developed with 
acetic acid for hr. The guide spots developed with nin- 
hydrin showed four spots, which the fastest ophthal- 
mic acid) was the most intense (Fig. 10). The bands were 
eluted with 10% (v/v) acetic acid, and the eluates dried 
vacuo. 


The amino acid composition the fractions 
homogeneous. This confirmed the results 
the N-terminal end-group determination given 
Table 

Experiment L-IIT 


Extraction with (v/v) ethanol. Eleven calf lenses were 
added boiling ethanol (10 ml.), and after several minutes 
the solid was separated the centrifuge and extracted with 
four portions boiling 60% (v/v) ethanol. Ethanol was 
removed distillation from the combined extracts, and the 
aqueous solution extracted with ether, concentrated, and 
finally dried the frozen state. The residual resin weighed 
143 mg. 


Fig. 10. Chromatographic fractionation fraction L-II- 
2-Ox-e: no. paper; acid; hr. 


Table Peptides from fraction 


Spot Main amino acids 
no. liberated Minor amino 
(Fig. 10) hydrolysis Strength acids 
1 Gly 
Glu +++ 
Gly 
Glu 
Ala 
Glu 
Glu CySO,H 


Present only traces; too little for the amino acid 
composition determined. 
Bioch. 1956, 
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Table 


Strength amino acid after 


Amino acids 


Peptide present Hydrolysis 
lad Cys 
Gly +++ 
Glu 
2-Ox-0 CySO,H 
Gly 
Glu 
2-Ox-e-1 Gly 
Glu 
acid 


DNP 


Fig. 11. Electrophoretic fraction extract, Expt. L-III: 
seed-test paper; 7-25 hr. 


Table acid composition fractions 
and 


Minor amino 

acids liberated 

hydrolysis 
Cys 


Main amino acids 

liberated 

Fraction hydrolysis 
Gly 
Glu 
Ala 
Cys 
Gly 
Glu 

acid 


Ala 


Electrophoretic fractionation. The resin 0-5ml. 
collidine-acetate buffer (Newton Abraham, 1954) was 
applied along the starting line Whatman seed-test paper 
(57 (chromatographically washed 10% 
(v/v) acetic acid). The electrophoresis was then carried out 
described for fraction L-I-P. The ‘print’ (Fig. 11) taken 
from the paper before drying shows that there much less 
washing the neutral species down the thick seed-test 
paper than occurred with the 3MM paper. The main acid 
fraction (2) very broad, possibly owing adsorption. 
Fractions and and ‘blank’ cut from above fraction 
were eluted with 10% (v/v) acetic acid ml.), and the 
eluates evaporated. When the fractions were tested 
electrophoresis buffer, only traces 
neutral amino acids were present, and 
positive spot was detected from the ‘blank’; fraction 
showed only one spot, but fraction gave two spots, the 
smaller corresponding position fraction The amino 
acids liberated hydrolysis are listed Table 
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amino acids some peptides 


2:4-dinitrophenyl 


DNP* 
DNP* amino acid 
treatment identified Structure 
+++ Glu 
Glu 
Glu Gly] 


butyric acid] 


Experiments aqueous humour 


Collection, concentration and dialysis. Aqueous humour 
was withdrawn from cattle eyes the slaughterhouse, and 
stored frozen; 500 ml. was concentrated the frozen state 
80ml., and then dialysed against 200 ml. 
water for days 4°. The diffusate was freeze-dried. The 
solid residue (3-2 g.) was dissolved water ml.); the 
solution had about 9-8, although the aqueous 
humour about 7-6. This rise may brought 
the action urease urea. 

partition. The aqueous solution was ex- 
tracted twice with equal volume phenol, and the 
combined phenol extracts were diluted with ether (15 ml.) 
and light petroleum (15 ml.), and extracted with water. 
This aqueous solution still contained sufficient salts 
interfere with chromatography, was concentrated 
volume ml. and submitted further phenol—water 
partition, with three tubes, ml. each phase, with two 


Glu [Gly, 


extra (‘withdrawal’) tubes for the mobile (aqueous) phase 
(Craig, 1952). The contents the two tubes, which the 
most phenol-soluble constituents would concentrated, 
were combined, diluted with ether ml.) and light petro- 
leum ml.), extracted with water, and the solution evapor- 
ated. The residue mg.) was dissolved 10% propan-2- 
(0-4 ml.) (fraction Aq-P). 

Chromatographic analysis fraction Fraction 
Aq-P was now free from salts, and the main ninhydrin- 
positive species were tyrosine, proline, arginine, lysine, 
valine, phenylalanine, leucine and isoleucine. expected, 
these are most the amino acids which have high 
paper chromatography with phenol solvent (in 
alkaline atmosphere). The presence tryptophan, which 
was confirmed with Ehrlich’s reagent (Dalgliesh, 1952; 
Smith, 1953), has not been reported earlier analyses 
aqueous humour (Blaha, Wewalka Zwiauer, 1953; 
Malatesta, 1952). Two-dimensional chromatography 
n-butanol—pyridine—water (60:40:35, vol.), and butanol- 
acetic acid, followed colour development with chlorine 
and o-tolidine (after steaming the paper), showed about 
seventeen spots: the amino acids, and urea, were the main 
substances present. After acid hydrolysis, well the 
amino acids already mentioned, alanine, glycine, glutamic 
acid and probably «-amino-n-butyric acid were present, but 
low concentrations. 
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Chromatographic fractionation fraction Aq-P. Fraction 
Aq-P was then fractionated 12cm. long band 
Whatman no. 3MM paper the butanol—pyridine solvent 
for hr. Nine bands were revealed (by fluorescence u.v. 
light, and from guide spots developed with chlorine and 
tolidine), and eluted with (v/v) acetic acid. The eluates 
from the four slowest bands were again fractionated (as 
6cm. bands) acid: the fractions were 
eluted and the eluates hydrolysed, but too little material 
was obtained identify the hydrolysis products. the 
eluates from the other bands the butanol—pyridine 
fractionation were hydrolysed without any further fraction- 
ation. only one fraction (7) did hydrolysis liberate much 
amino acid; the others the main amino acids were 
already present before hydrolysis. Fraction which con- 
tains phenylalanine, leucine and isoleucine, liberated 
alanine hydrolysis. The amino acid arising from hydro- 
acid and phenol-3 (w/v) soln.; paper 
from the hydrolysate. 

Phenol-trichloroacetic acid—water partition. The partition 
coefficient glutathione between phenol and water was 
found about (in favour aqueous phase), but the 
value for (w/v) trichloroacetic acid was reduced 
0-4; the partition coefficient NaCl the latter system 
was about 20. From these values, the method Bush 
Densen (1948), the optimum ratio volumes phases 
3-7 ml. aqueous trichloroacetic ml. phenol for 
the separation glutathione and 

The aqueous layers after the partition 
aqueous humour described above were combined and seven- 
tenths was evaporated; the residue was dissolved 
(w/v) trichloroacetic acid (saturated with phenol) and 
three-tube partition carried out (Bush Densen, 1948) 
with the ratio solvent volumes given above. The contents 
the two tubes, which the most phenol-soluble consti- 
tuents would concentrated, were combined, diluted with 
ether (50 ml.) and light petroleum (50 ml.) and extracted 
with water. The aqueous solution was washed with ether 
ml.), evaporated, and the residue (179 mg.) dis- 
solved 0-6 ml. 10% propan-2-ol. The small amount 
trichloroacetic acid remaining affected paper chromato- 
graphy butanol-acetic acid, displacing leucine and 
isoleucine positions ahead their normal positions; this 
did not happen phenol-3% (w/v) NH, soln., 
Acid hydrolysis caused little change the chromatographic 
pattern, apart from the hydrolysis glutamine glutamic 
the mixture was obviously complex, and has not been 
further investigated. 


Experiments liver and blood 


Alkaline dialysis. Calf liver (40 g.) was stirred with 
triethylamine formate buffer, 10-8 (100 ml.), and 
dialysed against 150 ml. for 
days. The diffusate was dried the frozen state, and 
the residue was dissolved 
buffer. 

Electrophoretic fractionation. The fractionation was carried 
out acid-washed Whatman seed-test paper, described 
Expt. The acid fraction was eluted with (v/v) 
acetic acid, and portion hydrolysed with acid. Calf 
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erythrocytes (40 ml.) were investigated the same pro- 
cedure described for liver. 

Results. The hydrolysates the acid fractions were 
examined two-dimensional chromatography the 
method Levy Chung (1953) and also chromato- 
graphy (w/v) NH, soln. and 
acid. The major amino acids were cystine, glycine and 
glutamic acid; smaller amounts alanine and aspartic 
acid were also present. Electrophoretic comparison the 
acid fractions before and after acid hydrolysis showed 
relatively strong ninhydrin-positive fraction (cf mobility 
between those aspartic and cysteic acids) disappearing 
hydrolysis. 


DISCUSSION 


Peptides the lens 


Preliminary experiments. 
were carried out; they differed only that one 
(Expt. L-I; see Fig. acid buffer was used for 
extraction and dialysis, and the other preliminary 
experiment (not described detail) alkaline 
buffer was used. both experiments, the most 
striking result was that hydrolysis the acidic 
fraction liberated ninhydrin-positive compound, 
chromatographically indistinguishable 
amino-n-butyric acid. smaller amount alanine, 
and much smaller amounts valine (or methionine 
both) and leucine (or isoleucine both) were also 
formed. Paper electrophoresis showed the absence 
acid. These are the three isomers aminobutyric 
acid which have far been found occur 
acid gives relatively faint 
colour with ninhydrin, and acid 
would probably have nearly the same electro- 
Hence, tentatively conclude that the hydrolysis 
product «-amino-n-butyric acid. separate 
experiment showed that the proteins calf lens 
not contain acid, least 
amounts comparable with the other amino acids. 
acid has frequently been found 
mammalian tissues the free state (Gordon, 
1949; Walker, 1952); peptides this amino acid, 
the other hand, have not hitherto been detected. 

The next step was identify the acidic peptide 
containing acid. Because 
larger amount the acid fraction was obtained when 
dialysis was carried out alkaline solution, this 
procedure was adopted the next fractionation 
(Expt. 

water partition step was omitted (see Fig. 3). The 
electrophoretic fractionation showed that there 
were three acidic fractions (Figs. and 5); for con- 
venience, two (Fig. and will called the 
‘fast-acid’ fraction, and the other (Fig. fraction 
the ‘slow-acid’ fraction. The fast-acid fraction was 
not detected the preliminary experiments but 
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was observed the confirmatory one (Expt. 
was quite complex, containing least dozen 
ninhydrin-positive components, yet the main 
amino acids the hydrolysate were glutamic acid, 
glycine, cystine and acid. Two factors 
probably contribute the complexity this 
fraction: disulphide interchange (Ryle Sanger, 
1955) (probably occurring during the dialysis 
alkaline solution) and autoxidation cystine 
residues cysteic acid ones. Nevertheless, the 
peptides appeared contain differing molar ratios 
glycine glutamic acid, that there probably 
class peptides containing glutamic acid, glycine 
and cystine. expected that peptides 
containing the strongly acidic cysteic acid residue 
should found the fast-acid fraction; but 
further fractionation showed that several peptides 
contained cystine but cysteic acid (Table 1), 
their high electrophoretic mobility suggests 
the presence some unidentified strongly acidic 
group. This has been confirmed for the main com- 
ponent fraction which was found 
have zero net charge (Fig. 7); the amino 
group, bearing positive charge, must balanced 
group with about carrying negative 
charge. The acidic group might phosphate; the 
presence phosphorus this fraction incon- 
clusive, nucleotides (i.e. phosphorus-containing 
spots which also absorb ultraviolet light) are also 
present. Further fractionation necessary decide 
whether the nucleotides are combined with the 
peptide. Keir Davidson (1956) have isolated 
fraction from rabbit tissues which hydrolysis 
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hydrolysate the slow-acid fraction, apparently 
present too low concentration detected 
any the hydrolysates the individual fractions 
(Table 3). Leucine (and/or isoleucine) and valine 
(and/or methionine), which were present low 
concentration the hydrolysate the acid fraction 
the preliminary experiments, were not detected 
the main experiment. Extraction with phenol, used 
only the preliminary experiments, probably 
particularly efficient concentrating peptides 
the amino acids with large non-polar side chains. 

Glutathione was expected the major com- 
ponent the slow-acid fraction, the mixture was 
oxidized convert cystine peptides into 
acid ones and fractionated electro- 
phoresis where the sulphonic acid (GSO,H) 
derived from glutathione has zero net charge 
(Fig. 7). The three main fractions consisted 
glutamic acid, GSO,H, and mixture peptides, 
which was fractionated further paper chromato- 
graphy (Fig. 10). The main fraction (e-1) proved 
the acidic peptide (called ophthalmic acid) con- 
taining acid. Ophthalmic acid 
probably contains equimolecular amounts 
glutamic acid, «-amino-n-butyric acid and glycine; 
there only one acid residue, which 
N-terminal, the structure ophthalmic acid 
probably 
cine acid. The 
number possible structures raised four the 
possibility that either the group 
the glutamic acid may combined the peptide 
bond: 


yields glutamic acid, cystine, glycine and ultra- 
violet light-absorbing base, and possible that 
this substance, class substances, present 
the lens the calf. Fraction resembles gluta- 
thione that equimolecular proportions the 
three amino acids appear present, that the 
N-terminal amino acid glutamic acid, and all the 
glutamic acid N-terminal, that tripeptide. 

Acid hydrolysis the slow-acid fraction liber- 
ated cystine, glycine, glutamic acid, threonine, 
alanine, «-amino-n-butyric acid and unidentified 
substance (X) (Fig. 8). This unidentified substance 
has approximately the same the unidentified 
substance obtained hydrolysis some the 
components the fast-acid fraction, and they are 
amounts one the fractions yielding 
hydrolysis will have obtained before further 
work its structure can undertaken. Although 
threonine seems one the amino acids the 


These structures must considered tentative. 
For one thing, «-amino-n-butyric acid has not been 
rigorously identified hydrolysis product; for 
another, acid might arise from 
the decomposition another amino acid. Heyns 
Walter (1953) found that threonine was converted 
into acid under more rigorous 
conditions than are normally used for the hydro- 
lysis peptide bonds; clearly possible that 
some unusual structural feature renders threonine 
residue especially labile. Ophthalmic acid occurs 
relatively high concentration calf lens, the 
same order glutamic acid and approximately one- 
tenth the concentration glutathione; these 
estimates are based the weights the fractions 
obtained. Another peptide, separated the last 
molecular amounts glutamic acid, glycine and 
alanine. Further work necessary gauge the 
complexity the minor fractions. 


the 
ide 


Confirmatory experiment. another experiment 
the proteins, after precipitation with 
ethanol, were extracted repeatedly with hot 
aqueous ethanol. This procedure was adopted 
its use Turba Esser (1955) had obtained numerous 
peptides from yeast, and seemed desirable 
compare the results obtained extraction 
neutral solution with those obtained acid and 
alkaline solution. Two acid fractions were again 
detected, and hydrolysis the slow-acid fraction 
gave cystine, glycine, glutamic acid, «-amino-n- 
butyric acid and alanine. 


Peptides the aqueous humour 


The work the lens described above was pre- 
ceded search for peptides the aqueous 
humour cattle eyes. partition was 
used remove the large amounts inorganic salts, 
and was followed preparative paper chromato- 
graphy; electrophoresis was not used here. One 
fraction contained phenylalanine, leucine and iso- 
leucine, and liberated alanine hydrolysis. 
not possible say whether this fraction contained 
peptide built from alanine and one (or more) 
the three amino acids present before hydrolysis, 
whether ‘bound’ alanine was present some other 
form. Further investigation this material was 
precluded its low concentration; probably 
present concentration less than 0-1 mg./ 
100 ml. aqueous humour, concentration com- 
parable with that the unidentified ampholytes 
urine, for whose investigation Westall (1955) starts 
with 1001. urine. possible that electro- 
phoretic methods would enable 
other peptides bound amino acids detected, 
but should borne mind that the concentra- 
tion glutathione aqueous humour only about 
one-thousandth that the lens (K. Daisley, 
unpublished observation). 


Peptides other tissues 


The search for peptides the erythrocytes and 
liver the calf was not carried out thoroughly 
the main experiment described above; the 
hydrolysate the acid fractions contained cystine, 
glycine, glutamic acid, aspartic acid and alanine, 
but acid; thus there 
evidence for the presence ophthalmic acid the 
liver blood. The only evidence the presence 
peptides was that ninhydrin-positive acid fraction 
(electrophoretically distinct from glutathione) was 
unstable hydrolysis. Turba Esser (1955) have 
mentioned the presence peptides liver, and 
Heilmeyer (1954) has observed unidentified nin- 
hydrin-positive compounds erythrocytes. 
(Earlier work peptides tissues has been re- 
viewed Synge, 1953; see also Bricas Fromageot, 
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1953.) Thus the balance evidence favour 
the idea that certain kinds peptides, least, may 
occur generally animal tissues. 


Metabolic role peptides 


There but little definite knowledge hamper 
speculation about the metabolic role peptides 
higher organisms. Campbell Work (1953) have 
pointed out that the general lack success 
detecting peptides (other than glutathione) 
tissues may only reflect the inadequacy our 
techniques and cannot justifiably used 
argument against peptides mediating protein 
synthesis. Peptides may present very low 
concentrations and yet intermediates the 
synthesis proteins, just monomer and high 
polymer are the only abundant species during the 
course free-radical vinyl polymerization. The 
peptides encountered the work described above 
all contain glutamic acid, possibly y-linked. This 
recalls the views put forward Waelsch (1954) 
that transpeptidation y-glutamyl peptides may 
important protein synthesis. Peptides could, 
course, also figure intermediates protein 
breakdown. The extent which protein breakdown 
occurs generally animal tissues not known (see 
Stanier, 1955; Tarver, 1954); not likely that 
ophthalmic acid, particular, intermediate 
either the synthesis the breakdown any the 
main proteins the lens, acid 
was not detected hydrolysate calf-lens 
protein. yeast, Turba Esser (1955) have found 
numerous acidic peptides; when the yeast grown 
with radioactive acetate source carbon, the 
peptides are labelled before the proteins. This 
necessary but not sufficient condition for these 
peptides being precursors the proteins, and 
certainly rules out the possibility that the peptides 
yeast are breakdown products the proteins. 


SUMMARY 


Calf lenses were disintegrated acid 
alkaline buffer, and the solution was dialysed. The 
diffusible compounds were fractionated electro- 
phoresis cellulose powder, and filter paper, 
followed paper chromatography. 

Two ninhydrin-positive acidic fractions have 
been examined detail: both contain several 
peptides. 

Hydrolysis one these acidic fractions 
liberates acid, arising from 
tripeptide containing also glutamic and glycine 
residues; the glutamic acid N-terminal. The tri- 
peptide (‘ophthalmic acid’) present re- 
latively high concentration, the order mg./ 
100 but has not been detected the 
liver erythrocytes the calf. 
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The other acidic fraction contains peptides 
(other than glutathione) built from glutamic acid, 
cystine (or cysteine) and glycine. Some these 
peptides contain strongly acidic group (so far 
unidentified), that the molecule has zero net 
containing N-terminal glutamic acid residue. 


should like thank colleagues this laboratory for 
advice and encouragement, Miss Joyce Blackwell for the 
collection calves’ eyes, the staffs the Oxford Co-oper- 
ative and Eastwyck Farm Slaughterhouses for their co- 
operation, and the National Council Combat Blindness 
Inc. for grant for chromatographic equipment. 
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The Metabolism Propionic Acid 
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One pathway propionic acid metabolism has been 
shown Flavin, Ortiz Ochoa (1956) be: pro- 
citric acid cycle. That this not the only pathway 
indicated the work Gray, Pilgrim, Rodda 
Weller (1951) who demonstrated the synthesis 
n-valeric acid from propionate and acetate the 


rumen. Recently n-undecanoic, n-tridecanoic 


pentadecanoic and n-heptadecanoic acids have been 
isolated from some natural fats 
Gerson Hansen (1955). James Martin (1956), 
James Wheatley (1956) and Wheatley James 
(1957) have demonstrated means 
chromatography the widespread occurrence 
these straight-chain odd-numbered acids natural 
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fats. odd-numbered acids may well 
derived from odd-numbered precursor, propionic 
acid being the most likely. 

the work described fatty acid fractions 
covering the range from cow udder perfused 
with were analysed 
chromatography. The short-chain C,, and 
acids were separated the free acids (James 
Martin, 1952) and the longer-chain acids 
esters (James Martin, 1956). The separated 
substances were collected, plated out and counted 
the conventional manner. The same technique 
was also used with sample fatty acids from 
goat milk isolated after injection 
(Popjak, French Folley, 


EXPERIMENTAL 


(1) One-half udder removed from lactating cow 
the slaughter-house was perfused with 91. heparinized 
oxygenated blood for hr. the technique Peeters 
Massart (1952). The udder had previously been emptied 
milking. the beginning the perfusion 
(0-5 mc) dissolved ml. water was 
added the perfusion blood. the end the experiment 
milk was collected after intra-arterial injection posterior 
pituitary extract (10i.u.). Fatty acid fractions from milk 
and udder tissue were isolated the methods developed 
Popjak al. and Popjak, French, Hunter Martin 
(19516) and divided into steam-volatile water-soluble, 
steam-volatile water-insoluble and non-volatile acids. The 
latter were further fractionated the lead-salt technique 
give long-chain saturated-acid fraction. All except the 
steam-volatile soluble acids were converted into methyl 
esters treatment with HCl methanol. 

chromatography. The steam-volatile water- 
soluble acids were separated the chromato- 
gram described James Martin (1952) and estimated 
automatic titration. The contents the cell were removed 
after each acid had emerged give samples sodium salts 
the acids contaminated only with phenol red indicator. 

esters the acids from the other fractions were 
separated the manner described James Martin 
(1956). The samples fatty acid esters were applied the 
column with calibrated micropipette. The separated sub- 
stances emerged from the gas-density meter (Martin 
James, 1956) vapours the nitrogen stream 197° and 
were collected attaching with short length silicone 
tubing calcium chloride tube loosely packed with cotton 
wool (defatted with ether and acetone) that had been 
wetted with methanol. This collection technique was 
found necessary simple cooling the gas stream con- 
taining vapours high molecular weight resulted the 
formation mist small droplets that could not 
condensed. After each peak had emerged (as indicated 
the chart from the recording galvanometer) the collecting 
tubes were changed. Each tube was then washed through 
with three ml. portions ether into boiling tube. The 
ether was removed careful distillation, the sides the 
tube being cooled frequently wash down any adherent 
material with condensed solvent. When only few 
remained the solution was transferred with micropipette 
polythene planchet area (of the type used 
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Popjak, 1950) containing two pieces lens tissue paper. The 
tube was washed twice with yl. ether remove the 
last traces material, and the washings also were trans- 
ferred the planchet. The disks were then counted with 
end-window counter for min. only, minimize any losses 
evaporation. counting corrections were made for 
sample thickness since the amounts material handled 
were usually small mg.) and because contami- 
nation with variable amounts stationary phase from the 
column. Results were reproducible within 10%. 


Oxidation n-pentadecanoic acid 


The peak corresponding n-pentadecanoic acid from 
isolated perfused cow udder was collected, washed into 
boiling tube with ether described, the ether evaporated 
and 0-1 ml. acid and mg. crystalline 
were added. The solution was heated the water-bath for 
hr., the acetic acid being replenished occasionally. Excess 
acetic acid was removed vacuo (water-pump) and 
solution potassium metabisulphite added remove 
manganese dioxide. The solution was extracted three times 
with ether, dried with anhydrous and diazomethane 
ether added. The mixture was evaporated and the residue 
dissolved ethanol and applied the chro- 
matogram. 

Quantitative estimations 

The areas under the peaks were measured triangula- 
tion described previously (James Wheatley, 1956) and 
the areas corrected methyl palmitate standard 


RESULTS AND DISCUSSION 
The occurrence the odd-numbered saturated 
fatty acids many animal fats may due either 
diet biosynthesis the animal organism. The 
existence these acids goat milk obtained from 
animal metabolizing had already 
been demonstrated (James Martin, 1956). 
Table column given quantitative analysis 


Table Quantitative analysis long-chain saturated 
acids from cow milk and udder and goat milk 


Percentage present 


Cow 
Goat 
Acid milk udder milk 
n-Hexanoic Trace Trace 
n-Octanoic Trace Trace Trace 
0-17 0-14 Trace 
n-Undecanoic Trace Trace Trace 
1-60 0-61 0-73 
Branched tridecanoic 0-04 Trace Trace 
n-Tridecanoic 0-04 Trace Trace 
Branched tetradecanoic 0-035 0-07 Trace 
n-Tetradecanoic 11-2 6-2 9-2 
Branched pentadecanoic 0-59 0-56 0-43 
n-Pentadecanoic 1-57 1-54 
Branched hexadecanoic 0-45 0-41 
n-Hexadecanoic 44-0 36-8 43-0 
Branched heptadecanoic 1-87 
2-2 1-65 1-75 
Branched octadecanoic 9-0 0-73 
n-Octadecanoic 26-4 36-2 40-0 
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Table Relative activities fatty acids isolated from 
goat-milk fat after administration 
corrected area under peak. Average values from six 
determinations. 


n-Tetradecanoic 1009 
Branched pentadecanoic 
n-Pentadecanoic 305 
n-Hexadecanoic 1023 
Branched heptadecanoic 206 
n-Heptadecanoic 262/ 
n-Octadecanoic 


Table Quantitative analysis water-insoluble 
acids from milk fat and udder fat (cow) 


Percentage present 


Acid milk udder 
Branched 1-0 
n-C, Trace only Overlapped 
branched acid 
1-75 1-0 
0-26 
Branched 0-03 1-0 
8-0 
Branched C,, 0-65 1-7 
0-52 0-6 
n-Branched 0-12 0-46 
Branched 0-7 
Mono-unsaturated 0-38 
15-8 
Branched 0-95 0-87 
0-75 0-60 
Di-unsaturated C,, 0-27 0-19 
Mono-unsaturated C,, 1-02 
Branched 
15-2 18-0 
Branched 1-74 
1-15 
Di-unsaturated 0-4 
Mono-unsaturated 3-12 
Branched 0-28 
21-0 17-7 
Branched C,, 2-46 
Mono-unsaturated 11-6) 9-6 
Branched 
7-2 


the main components the long-chain saturated 
acid fraction from this goat milk. The main com- 
ponents were isolated the gas—liquid chromato- 
gram, and Table shown list their relative 
activities. The relative activities n-tetradecanoic, 
n-hexadecanoic and n-octadecanoic acids are very 
similar the values reported al. 
for the same material. The odd-numbered 
straight-chain acids are more radioactive than 
stearic acid, showing that they are synthesized 
part from acetate and are not derived from the diet. 

Since acetate seemed involved the 


synthesis the odd-numbered acids odd- 
numbered precursor necessary, and propionic 
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acid, common component rumen acids, the 
most likely. The fatty acids isolated from cow 
udder perfused with were ana- 
lysed the gas chromatogram with the results 
shown Tables and Table are shown the 
relative radioactivities the components isolated, 
high activity being associated only with the peaks 
assigned the odd-numbered straight-chain acids. 
The results obtained with the fats from goat milk 
and cow udder can interpreted only showing 
that the odd-numbered straight-chain acids from 
n-heptanoic n-heptadecanoic are synthesized 
condensation acetate with propionic acid. 


Degradation acid 


The fraction considered consist 
acid was oxidized with and the 
mixture acids produced was methylated and 
separated the gas chromatogram. peak the 
position methyl tetradecanoate was found 
together with small amounts shorter-chain acids 
and C,,. The tetradecanoate showed radio- 
activity the same order the pentadecanoate. 
repetition this experiment the degradation 
was carried further and small quantity 
heptadecanoic acid was obtained; this too was 
radioactive. These experiments suggest that the 
larger part the radioactivity concentrated 
the end the chain, and demonstrate that 
the substance responsible for the peak the posi- 
tion expected for n-pentadecanoic acid is, fact, 
that substance, since oxidative degradation 
gave rise peaks the positions n-tetradeca- 
noate, n-tridecanoate, etc. 


Table Relative activities fatty acids isolated 
from cow udder after administration 
propionic acid 

Counts corrected peak area. 


Count/unit 


Acid corrected area 

n-Octanoic 102 
Branched octanoic 
n-Octanoic 
Branched nonanoic 
n-Nonanoic branched decanoic 1310 
n-Decanoic 
n-Undecanoic 7683 
Branched dodecanoic 996 
n-Dodecanoic 
Highly branched tridecanoic 
Branched tridecanoic 660 
n-Tridecanoic 8310 
n-Tetradecanoic 

Branched pentadecanoic 
n-Pentadecanoic 6200 
n-Hexadecanoic 
Branched heptadecanoic 
n-Heptadecanoic 438 
Branched octadecanoic 
n-Octadecanoic 
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Short-chain acids 


The steam-volatile water-soluble fatty acid 
fraction from cow udder was separated into its 
the chromatogram and 
was found consist acetic, n-butyric and 
acids. Neither propionic acid nor 
acid could detected. Table shown the 
activities the isolated acids. The finding 
appreciable activity these even-numbered acids 
was surprising, since the degradative scheme 
put forward Flavin al. (1956) 
pionate could not give rise labelled acetate. 

However, known that can give 
rise labelled formate the rabbit 
James, unpublished work) and similar loss 
methyl carbon from would 
produce Further work needed 
determine the sequence reactions involved. 

From Table can seen that both branched- 
chain acids even-numbered 
acids show radioactivity. The relatively high 
activity the acetate derived from propionate 
clearly sufficient account for these activities. 

There are thus least three distinct pathways 
propionate metabolism: 

H,C.CO,H 
(Flavin al. 1956) 
(Gray al. 1951) 


(3) H,C.CH,.CO,H H,C.CO,H 


(This work) 
(This work) 


Relative pool sizes 


Table shown comparison the relative 
amounts water-insoluble acids milk and udder. 
striking differences between the two fats are 
indicated. 


Table Relative activities short-chain acids (as 
sodium salts) isolated from cow udder and milk 
after perfusion with 


Specific activity 


Acid Udder Milk 
Acetic 0-1 
n-Butyric 0-043 0-015 
n-Hexanoic 0-067 0-06 
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quantitative comparison long-chain satur- 
ated fatty acids from the two fats obtained from 
cow milk and udder given Table The two are 
very similar, even stearic acid being present 
much the same amount both. The low activity 
the stearic acid milk synthesized from 
acetate cannot, therefore, explained the basis 
dilution large pool the acid the udder 
(Popjak al. 1951a). Duncombe Glascock (1954) 
have, however, shown that milk acid 
derived part from blood that complete 
balance sheet between milk and udder fats cannot 
therefore drawn up. The results presented here 
demonstrate apparent equilibrium between fatty 
acids the udder and the milk. The similarity 
composition goat milk and cow milk most 
striking. 

SUMMARY 

The relative radioactivities odd- and even- 
numbered fatty acids obtained from goat milk after 
injection have been determined 
after separation the compounds 
chromatography. Perceptible activity was demon- 
strated the odd-numbered acids. 

Fatty acids from cow udder perfused with 
have been separated the gas 
chromatogram and their radioactivity was deter- 
mined. Highest activity was found the odd- 
numbered fatty acid fractions. 

Oxidative degradation n-pentadecanoic 
acid isolated from the cow udder gas chromato- 
graphy produced variety radioactive shorter- 
chain fatty acids. 

concluded that the naturally occurring 
odd-numbered fatty acids are synthesized 
condensation acetate with propionate 
mechanism similar that obtaining for the even- 
numbered acids. 

Acetate, n-butyrate and n-caproate isolated 
from the udder after perfusion with 
pionate were found radioactive. scheme 
degradation yet put forward can account for this. 
analogous conversion into 
the rabbit known occur. 


Thanks are due Professor Folley and Popjak for 
the gift fatty acids from goat milk. Hadaway also 
thanked for much technical assistance. Part the expenses 
this work were paid grant from the 
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Hormones and Liver Cytoplasm 
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The yield the mitochondrial fraction obtained 
from rat liver differential centrifuging de- 
creased after adrenalectomy, and also after hypo- 
physectomy unless growth hormone administered 
the other hand, the yield the microsomal 
fraction imereased after hypophysectomy, 
whether not growth hormone given (Reid, 
1955, 1956). cannot assumed that there are 
parallel changes the amounts the enzymes 
characteristically present the different cyto- 
plasmic elements. Data bearing this question are 
presented here and the following paper (Stevens 
Reid, 1956). 

The enzymes adenosine triphosphatase (ATP- 
ase), glucose 6-phosphatase and xanthine oxidase 
have been selected for study, because their 
different locations normal cytoplasm and also 
because their possible intrinsic interest rela- 
tion hormonal control liver metabolism. 


EXPERIMENTAL 
Treatment animals 
The experiments were performed with young albino male 


rats, which were fed protein-rich diet restricted 
amount and were studied weeks after any operative 


The paper Reid, O’Neal, Stevens Burnop (1956) 

British Empire Cancer Campaign Research Fellow. 
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Anderson Hospital, University Texas, Houston, Texas, 
U.S.A. 

Fellow Cancer Research the American Cancer 
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procedure. Treatment with the growth-hormone prepara- 
tion, which was virtually free thyrotrophin, was given for 
days daily dose 0-3 mg., described previous 
paper (Reid, O’Neal, Stevens Burnop, 1956) which 
fuller details the general procedures are given. Some 
experiments were performed with rats given thiouracil 
thyroxine the experiments Glock McLean 

minimize the effect any day-to-day variations 
environment technique, the values for experimental rats 
were not directly averaged, but were compared with those 
for control rats (intact sham-operated) studied simul- 
taneously, the differences being averaged. least six 
untreated hypophysectomized rats, five hypophysecto- 
mized rats given growth hormone and six adrenalectomized 
rats were used the study each enzyme. 


Isolation tissue fractions 


The procedures for isolation were, unless otherwise stated, 
described previously (Reid al. 1956). One modification, 
which was introduced with the aim stabilizing glucose 
6-phosphatase (Beaufay, Hers, Berthet Duve, 1954), was 
the addition ethylenediaminetetraacetic acid (EDTA; 
0-001 the isotonic sucrose solution other than that used 
for the preliminary perfusion the liver. 

The ‘nuclear fraction’ was discarded, and the supernatant 
fraction’ was further centrifuged give 
mitochondrial fraction (which was washed once, without 
removal the ‘fluffy layer’), microsomal fraction and 
supernatant fraction. These centrifugings were performed 
angle-head centrifuge under conditions which have 
been described elsewhere (Reid, 1955, 1956), the final 
centrifuging being 20000 for min. The mitochondrial 
and microsomal fractions were resuspended the sucrose 
medium. Portions each isolated fraction were taken for 
certain the enzymic assays, indicated below; the 
remainder was frozen immersion mixture acetone 
and solid CO,, and was stored 30°. 
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Enzymic assays 


The conditions used the enzymic assays were such that 
the activity was linearly related the amount tissue and 
the time incubation. Each assay for ATP-ase glucose 
6-phosphatase was done duplicate. 

The assays were performed essentially 

presence ions Incubation was carried out 
for min. 30° with shaking, after addition neutralized 
ATP (to disodium salt, ‘99% ATP’, supplied 
Nutritional Biochemicals Corporation). The supernatant 
fluid obtained after addition trichloroacetic acid solution 
and centrifuging was analysed for orthophosphate 
described King (1951), with ascorbic acid the reducing 
agent. Novikoff, Hecht, Podber Ryan (1952) and Kielley 
Kielley (1953) have shown that the orthophosphate 
liberated during the incubationis valid measure ATP-ase 
activity. agreement with Novikoff al. the activity 
the whole cytoplasmic fraction was quantitatively re- 
covered the subfractions derived therefrom. 

The assays for ‘free’ were made the presence 
sucrose with freshly isolated mitochondrial frac- 
tions. ‘Free’ ATP-ase activity known unaffected 
the addition ions (Witter, Watson Cottone, 1955). 
Measured samples these and other fractions were frozen 
and thawed after dilution with water, liberate the ‘total’ 
activity (Novikoff al. 1952; Witter al. 1955). 

Glucose 6-phosphatase. The assays were carried out 
essentially according Duve, Berthet, Hers Dupret 
(1949), the presence cacodylate buffer (pH 6-5) and 
EDTA Beaufay al. 1954). The procedures for 
incubation and for estimation liberated orthophosphate 
were described above; the substrate was the 
dibarium salt glucose 6-phosphate (Nutritional Bio- 
chemicals Corporation). 

Hers, Berthet, Berthet Duve (1951) have emphasized 
that the true recovery activity 
isolated fractions difficult determine, because the 
presence inhibitor the supernatant fraction and 
because the lability the enzyme. the present experi- 
ments, the apparent recovery activity with different sets 
fractions (each set including fractions derived from 
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control rat) ranged from but varied little within 
each set. The hormonal effects reported below could 
demonstrated either with freshly prepared fractions with 
fractions which had been frozen and stored (as used for some 
the assays). With microsomal fractions, freezing may 
entail some loss activity (Beaufay Duve, 1954a). 
has now been found that this loss does not exceed with 
whole cytoplasmic fractions, but may substantial with 
microsomal fractions, treatment which with deoxycholate 
Beaufay Duve, does not restore the 
activity lost after freezing. Accordingly, the values reported 
below for the glucose phosphatase activity microsomal 
fractions should regarded minimal figures. 

Xanthine oxidase. The assay depended the spectro- 
photometric determination, 295 uric acid formed 
from xanthine, essentially under the conditions described 
Kalckar (1947a, measured sample the freshly 
isolated fraction for hr. 37° the presence 
equal volume pyrophosphate buffer 8-0) 
and was finally centrifuged for min. The 
supernatant fluid, after storage overnight the cold, was 
assayed the presence xanthine silica 
cell 24°, Unicam SP. 500 spectrophotometer with 
water circulating constant temperature through the 
cell carriage. The optical densities the contents this 
cell and control cell (without xanthine) were compared 
with that blank cell (without tissue), for min. 
intervals The average net changes optical 
density were determined graphically. The ‘endogenous 
activity’, which was measured comparison the control 
cell with the blank cell and was subtracted from the total 


hormonal status the animal. 


RESULTS 


ATP-ase. shown Table hypophysectomy 
led significant decrease, which could 
prevented growth hormone, the ATP-ase 
activity the microsomal fraction, but not that 
the cytoplasm whole. Adrenalectomy led 
decrease the ATP-ase activity, both the 


Table activity relation hormonal status 


Activities (‘total’, unless otherwise stated) are expressed liberated/min. amount tissue corresponding 
body wt. this and subsequent tables, the standard error given after each mean difference, and the 
number degrees freedom and the probability that the difference could due chance are given parenthetically. 


Experimental rats: difference from corresponding control rats 


Control rats: 


Hypophysectomized 


mean value +growth 
(8) (6) (12; 
Mitochondrial fraction 0-93 —0-17+0-109 
(8) (6) (12) 
(6)* (12; P<5%) 
(7) (6) (8) 
Mitochondrial fraction, ‘free’ activity 0-17 0-005 0-016 
(6) (3) (7) 
Difference from corresponding untreated hypophysectomized (5; P<5%). 


activity, was very low and showed dependence upon the 
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whole cytoplasm and the microsomal fraction. 
Neither with hypophysectomy nor with adrenal- 
ectomy did the mitochondrial and supernatant 
fractions show consistent decreases activity. 

some experiments, determinations were made 
not only the ‘total’ ATP-ase activity, but also 
the ‘free’ ATP-ase activity freshly isolated 
mitochondrial fractions assayed the presence 
sucrose This activity showed dependence 
the hormonal status the animals (Table 1). 

Glucose 6-phosphatase. The assays for glucose 
phosphatase (Table showed significant decrease 
after hypophysectomy the case the whole 
cytoplasm, the microsomal fraction and the super- 
natant fraction. The decrease the cytoplasmic 
level after hypophysectomy could partially 
reversed the administration growth hormone. 
significant changes the level the enzyme 
were found after adrenalectomy. 

Xanthine oxidase. The activity this enzyme 
the whole cytoplasmic fraction was markedly raised 
whether not growth 
hormone had been given, and was decreased 
adrenalectomy (Table 3). With the supernatant 
fraction, which the cytoplasmic activity 
was recovered, similar changes were observed. 
instance was xanthine oxidase activity detected 
the mitochondrial microsomal fractions. 


1956 
Since the effect hypophysectomy xanthine 
oxidase activity could not attributed depriva- 
tion growth hormone adrenocorticotrophin, 
the possible role thyrotrophin was investigated 
ascertaining whether thiouracil thyroxin could 
alter the level activity intact rats. shown 
Table significant changes xanthine 
oxidase activity followed the induction hypo- 
thyroidism hyperthyroidism these agents. 


DISCUSSION 


attempting assess the metabolic implications 
the changes enzymic activity now observed 
with the whole cytoplasm, should kept mind 
that the changes were usually relatively small 
(about 30%) and that the rates the reactions 
catalysed the enzymes studied might limited 
vivo the amount substrate rather than 
enzyme. 

The function ATP-ase liver cytoplasm 
debatable (Ernster, Ljunggren Lindberg, 1954). 
possible that microsomal ATP-ase, the data 
for which are considered below, plays role the 
release energy for cytoplasmic fibrillar activity 
(Abood Romanchek, 1955). 


animals readily develop hypoglycaemia during 


Table Glucose 6-phosphatase activity relation hormonal status 


Activities are expressed liberated/min. amount tissue corresponding 100 body wt. (See also 


Table 1.) 


Experimental rats: difference from corresponding control rats 


Control rats: 
mean value 


Hypophysectomized 


Hypophysectomized 


+growth 


(8: (6)* (7) 
(4) (3) (1) 
(8; (5) (7) 
Supernatant fraction 0-12 0-03 0-004 


(4; 
Difference from corresponding untreated hypophysectomized rats= 0-342 (7; 


(3; P<1%) (1) 


well established that hypophysectomized 


Table Xanthine oxidase activity relation hormonal status 


Activities are expressed the increase optical density which would produced min. amount tissue 
corresponding 100 body wt. value unity corresponds the oxidation xanthine uric acid. 


(See also Table 1.) 
Experimental rats 


Control Hypophy- 
rats: sectomized 
mean Hypophy- +growth 
value sectomized hormone 
fraction (7; (6; P<05% 
Supernatant 2-14 +0-81+0-167 + 0-58 + 0-268 


(7; (7) 


fraction 


difference from corresponding control rats 
Hyperthyroid 


Adrenalectomized 
(13; 
(13; 


Hypothyroid 
+0-07 
(5) 

0-68 
(5) 


(5) 
0:58 
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fasting unless growth hormone given before the 
fast (Engel, 1954). This phenomenon could 
partly explained the present observation that 
hypophysectomy leads fall glucose 
phosphatase activity which can partially 
reversed growth hormone. 

The effectiveness growth hormone restoring 
glucose 6-phosphatase activity need not regarded 
incompatible with its ineffectiveness intact 
rats the experiments Langdon Weakley 
(1955). However, difficult explain why 
Ashmore, Hastings, Nesbett Renold (1956) found 
hypophysectomy without effect glucose 
6-phosphatase activity, the concentra- 
tion fresh liver tissue. Recalculation the 
present data this basis shows decrease 
46% after hypophysectomy, agree- 
ment with recent report Harper (1956), who 
was, however, unable demonstrate any reversal 
the effect growth hormone. 

xanthine oxidase activity indeed measure 
uric acid synthesis, would appear that this 
process slowed adrenalectomy and stimulated 
hypophysectomy. Experiments reviewed 
Christman (1952) suggest that the process can 
likewise stimulated the administration 
adrenocorticotrophin cortisone. conceivable 
that with change the rate catabolism 
xanthine there concomitant change that 
ribonucleic acid, but there is, fact, definite 
evidence that the catabolism the latter changes 
after hypophysectomy adrenalectomy (Stevens 
Reid, 1956). 

The finding that xanthine oxidase activity not 
significantiy influenced growth hormone 
agreement with experiments performed with intact 
rats Remy, Richert, Westerfeld Tepperman 
(1950). confirmation other experiments 
these authors, the activity has shown little de- 
pendence thyroid status. There is, then, 
evidence that the effect hypophysectomy 
attributable deprivation growth hormone, 
adrenocorticotrophin thyrotrophin. 

The data for the distribution enzymic activity 
among the separated fractions, distinct from the 
level the whole cytoplasm, may considered 
relation the suggestion Weiss (1955) that 
increase the fragility cytoplasmic particles 
could account for certain hormonal effects (Reid, 
1955, 1956), such the diminution the yield 
the mitochondrial fraction after hypophysectomy 
adrenalectomy and the amount ribonucleic 
acid that fraction after hypophysectomy. Such 
increase the fragility mitochondria might 
reflected apparent shift enzymes from this 
fraction into the microsomal supernatant fraction, 
occurs after adrenalectomy with D-amino acid 
oxidase (Kuriaki 1954). Another 
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possible consequence increase mitochondrial 
fragility increase ‘free’ ATP-ase (supposedly 
index mitochondrial integrity) the expense 
‘latent’ ATP-ase. 

such increase ‘free’ ATP-ase has now been 
found after hypophysectomy adrenalectomy; 
but has become apparent that this activity not 
fact satisfactory guide the morphological 
integrity mitochondria (Witter al. 1955; 
Birbeck Reid, 1956). Moreover, there was 
indication shift ATP-ase activity from 
the mitochondrial fraction the microsomal 
supernatant fraction; indeed, the activity the 
microsomal fraction fell after hypophysectomy 
(unless growth hormone had been administered) 
after adrenalectomy. 

These changes microsomal ATP-ase activity 
must considered relation the current view 
that ATP-ase activated ions mito- 
chondrial enzyme. The activity microsomal 
fractions low relation that mitochondrial 
fractions (Schneider, Hogeboom Ross, 1950; 
Novikoff al. 1952) and could perhaps attributed 
the presence mitochondrial fragments (Kielley 
Kielley, 1953), although not intact mito- 
chondria, which were absent from microsomal 
fractions examined electron microscopy the 
present study (Birbeck Reid, 1956). 
liminary experiment has indicated that the 
optimum microsomal is, fact, similar 
that mitochondrial ATP-ase (pH 8-5), although 
perhaps less sharp. However, reduction the 
microsomal activity normal rats can 
achieved with the use new homogenizing 
medium, which superior sucrose solution 
preserving the morphological integrity mito- 
chondria (Birbeck Reid, 1956). Moreover, recent 
studies with particulate fractions from liver cyto- 
plasm have suggested that there exist two distinct 
ATP-ases activated ions (Thomson 
Mikuta, 1954; Demers, Robillard, 1955; 
Abood Romanchek, 1955). then unlikely 
that mitochondrial fragments are the site the 
ATP-ase activity which has now been found 
microsomal fractions and which peculiarly 
susceptible hormonal influences. 

Not only the ATP-ase activity, but also the 
glucose 6-phosphatase activity the microsomal 
fraction diminished after hypophysectomy, 
although hypophysectomy known increase the 
yield this fraction (Reid, 1955, 1956). The pro- 
portion the cytoplasmic glucose 6-phosphatase 
activity recovered the microsomal fraction was 
low comparison with that reported Hers al. 
(1951), the conditions the present experiments 
being such that the mitochondrial fractions con- 
tained relatively high proportion the activity 
and that some the microsomal fractions may 
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have undergone partial inactivation. However, the 
distribution the enzyme appeared not 
dependent hormones. 

The distribution xanthine oxidase likewise 
hormonal balance. Most the cytoplasmic activity 
was recovered the supernatant fraction and none 
was found the particulate fractions, accordance 
with previous findings (Meikleham, Wells, Richert 
Westerfeld, 1951; Villela, Mitidieri Affonso, 
1955; Morell, 1955). 

Further consideration given the next paper 
(Stevens Reid, 1956) the interpretation the 
data for enzyme distribution among the fractions 
separated from liver cytoplasm. 


SUMMARY 


The levels activity adenosine triphos- 
phatase (ATP-ase) activated ions, glucose 
6-phosphatase and xanthine oxidase rat-liver 
cytoplasm have been studied relation altera- 
tions hormonal balance. The distribution 
activity among separated fractions (mitochondrial, 
microsomal and supernatant fractions) has also 
been studied. 

Adrenalectomy significantly lowered the ATP- 
ase activity the whole cytoplasm and the 
microsomal fraction. The activity the micro- 
somal fraction was likewise low after hypophy- 
sectomy, the effect which could reversed 
administration growth hormone. 

Hypophysectomized rats showed fall the 
glucose 6-phosphatase activity the whole cyto- 
plasm and the microsomal and supernatant 
fractions. The fall cytoplasmic activity was 
partially reversed administration growth 
hormone. 

Hypophysectomized rats (whether not 
growth hormone had been given) and adrenal- 
ectomized rats showed rise and fall respectively 
the xanthine oxidase activity both the whole 
cyioplasm and the supernatant fraction. 
significant changes were found with hypothyroidism 
hyperthyroidism. 

Thanks are expressed Nodes, B.Sc., for tech- 
nical assistance, Miss Stevens, B.A., for performing 
some the hypophysectomies, and Steelman (of 
Armourand Co., Chicago) for providing the growth hormone. 
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Beatty Research Institute (Institute Cancer Research: 

Cancer Hospital) from the British Empire Cancer 
Campaign, the Jane Coffin Childs Memorial Fund for 
Medical Research, the Anna Fuller Fund and the National 
Cancer Institute the National Institutes Health, U.S. 
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SUCCINIC DEHYDROGENASE, NUCLEASES AND ‘POLYMERIZED’ RIBONUCLEIC ACID 
AFFECTED HYPOPHYSECTOMY, GROWTH-HORMONE TREATMENT 
AND ADRENALECTOMY 


Chester Beatty Research Institute, Institute Cancer Research: Royal Cancer Hospital, London, S.W. 


(Received April 1956) 


With changes hormonal status, certain changes 
occur the amount distribution adenosine 
triphosphatase, glucose 6-phosphatase and xan- 
thine oxidase activities rat-liver cytoplasm 
(Reid, O’Neal Lewin, 1956). These studies have 
now been extended include succinic dehydro- 
genase, deoxyribonuclease, and the two ribonu- 
cleases which appear present liver-mito- 
chondrial fractions (Lamirande, Allard, Costa 
Cantero, 1954; Roth, 

Since adrenalectomy leads rise the amount 
ribonucleic acid (RNA) the ‘supernatant 
fraction’ (Reid, 1955, 1956), and since the admin- 
istration cortisone leads certain changes the 
amount ‘polymerized’ RNA liver cytoplasm 
(Lowe, 1955), study has also been made 
hormonal effects the amount ‘polymerized’ 
RNA the supernatant fraction. 


EXPERIMENTAL 
Animals and tissue fractionations 
The general procedures were described the preceding 
paper (Reid, O’Neal Lewin, 1956; see also Reid, 1956, and 
Reid, O’Neal, Stevens Burnop, 1956), and may 
summarized follows. The experimental animals were 
young male rats which had been hypophysectomized 
adrenalectomized 14-3 weeks previously and had been 
maintained limited food ration; some the hypo- 
physectomized rats had received growth hormone (0-3 mg./ 
day) for days before autopsy. The animals were arranged 


groups, each group including one two control rats 


(intact sham-operated). the preceding paper 
(Reid, O’Neal Lewin, 1956), the results for the experi- 
mental rats were compared with those for the control rats 
studied simultaneously, the differences being averaged over 
the whole series. least six untreated hypophysectomized 
rats, four hypophysectomized rats treated with growth 
hormone and six adrenalectomized rats were used the 
study each enzyme. 

Liver homogenates, prepared sucrose solution 
acid (EDTA; 
were subjected differential centrifuging. After 
removal fraction containing the nuclei, three fractions 
(mitochondrial, microsomal and supernatant fractions) were 


Royal Marsden Hospital Gordon Jacobs Fellow. 
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separated from the cytoplasmic material. The fractions were 
frozen and stored until required for enzymic assays; even 
with succinic dehydrogenase, the most labile the enzymes 
studied, freezing and thawing did not impair the activity 
carried out once only. 


Enzymic assays and RNA determinations 


Estimations succinic dehydrogenase activity and 
RNA content were usually carried out duplicate, but 
triplicate estimations were performed all nuclease assays, 
the procedures for which are necessarily somewhat empirical. 
With each enzyme studied, was verified that activity was 
linearly related time and amount tissue. 

dehydrogenase. This enzyme was assayed 
spectrophotometric measurement the rate reduction 
cytochrome (at 26°) the presence cyanide, essentially 
described Kuff Schneider (1954) but with certain 
modifications (Duve, Pressman, Gianetto, Wattiaux 
Appelmans, 1955). final concentration 
was increased 0-5 and CaCl, was omitted (this 
omission being without effect the level activity). 
Immediately before each estimation, the diluted tissue 
sample was pre-incubated’ for min. the presence 
EDTA Any ‘endogenous’ activity that was 
manifest the absence succinate was subtracted from 
the activity observed the presence succinate, these 
activities being estimated from graphical plots the 
spectrophotometric readings. 

Cytochrome obtained from the Sigma Chemical Co. 
(St Louis, U.S.A.) was satisfactory for these assays. With 
cytochrome preparations obtained from each three other 
sources, little activity could demonstrated, possibly 
because rapid autoxidation (Henderson Rawlinson, 
1956). 

Nucleases. Assays for deoxyribonuclease and acid 
ribonuclease followed the procedures Duve al. (1955), 
based those Schneider Hogeboom (1952) but with 
increased concentration substrate and with suitable pre- 
treatment the tissue preparation. This pre-treatment, the 
purpose which was liberate ‘latent’ activity, consisted 
the present experiments freezing and thawing pro- 
cedure (Gianetto Duve, 1955), carried out eight times with 
the tissue preparation, which had first been diluted with 
water. After this pre-treatment, incubation was performed 
for min. 37° with shaking, the substrate being added 
either initially or, the blanks, just before the final 
addition 10% (w/v) perchloric acid. From the extinction 
260 the acid-soluble material, activities were 
calculated described Duve al. (1955). 
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The assays for alkaline ribonuclease were performed 
similarly, the incubation being performed phosphate 
buffer 8-2; but ions were omitted and the con- 
centration substrate was increased threefold (to final 
accordance with the procedure Lamirande (1954). 

Herring-sperm deoxyribonucleic acid was used the 
substrate for deoxyribonuclease. Difficulty was encountered 
choosing substrate for ribonuclease assays. Schneider 
Hogeboom (1952) used RNA prepared from liver the 
substrate for acid ribonuclease, but other authors have used 
yeast RNA the assay acid and alkaline ribonuclease 
activities (Roth, 1954a; Lamirande al. 1954; Duve al. 
1955). the present study, dialysed yeast RNA (Phar- 
maco-Chemical Products Co.) was used the substrate for 
acid ribonuclease, but liver RNA (batch 65/1; prepared 
Pain) was used for alkaline ribonuclease. The 
activities acid ribonuclease towards this batch liver 
RNA and towards the yeast RNA were (in arbitrary units) 
and respectively, whereas the activities alkaline 
ribonuclease (with the same tissue sample) were and 
respectively towards these two substrates. Different 
batches liver RNA, prepared under essentially similar 
conditions, varied their effectiveness substrates, the 
activity alkaline ribonuclease towards these samples 
being usually lower than that towards batch 65/1. Variations 
among liver RNA preparations have previously been en- 
countered studies with acid ribonuclease (private com- 
munication from Schneider). 

Total and polymerized’ Total RNA was determined 
measuring the extinction, acidified 
alkaline digests the experiments Reid, O’Neal, 
Stevens Burnop (1956). RNA, namely the 
RNA which precipitable ethanol from (w/v) NaCl 
solution and which can reprecipitated trichloro- 
acetic acid, was isolated described Lowe (1955), and 
was determined (after the usual defatting) the procedure 
used for total RNA. 


RESULTS 


Succinic dehydrogenase 
reductase). The level succinic dehydrogenase 
activity the whole cytoplasm was increased after 
hypophysectomy, this rise being reversed growth- 
hormone treatment (Table 1). The level also tended 
rise after adrenalectomy, the increase being 
almost significant 
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Most the succinic dehydrogenase activity 
the whole cytoplasm was recovered the mito- 
chondrial fraction, the activity microsomal and 
supernatant fractions being negligible. 
evident from Table mitochondrial fractions from 
untreated hypophysectomized rats showed 
increase activity which accounted for the in- 
crease found with the whole cytoplasm. similar 
parallelism was found with adrenalectomized rats, 
but not with hypophysectomized rats given growth 
hormone, the administration which lowered the 
activity normal without affecting the 
enhanced mitochondrial activity. 

Since the cytoplasmic activity was quantitatively 
recovered the mitochondrial fraction from the 
hypophysectomized rats given growth hormone, 
conceivable that growth hormone can reduce both 
the actual amount the enzyme the cytoplasm 
and the extent which the enzyme becomes 
inactivated during isolation the mitochondrial 
fraction. is, however, uncertain whether inacti- 
vation the cause the discrepancy usually 
observed (Schneider Hogeboom, 1950; Duve al. 
1955) between the activity the whole cytoplasm 
and the activity recovered the isolated fractions. 
Some evidence has now been obtained that micro- 
somal fractions may contain activator the 
succinic dehydrogenase present mitochondrial 
fractions, accordance with previous observations 
Schneider Hogeboom (1950) and Pressman 
Lardy (1952). Until conditions can established 
for the assay this supposed activator, not 
possible assess its role the hormonal effects now 
reported. 

Since the effect hypophysectomy raising the 
succinic dehydrogenase activity the whole 
cytoplasm could reversed administration 
growth hormone, was interest ascertain 
whether the activity cytoplasmic fractions from 
untreated hypophysectomized rats could dim- 
inished growth hormone vitro. Such 
diminution has fact been observed, with concen- 
trations growth hormone low 0-1 (in 
the tissue suspension during the ‘pre-incubation’, 


Table 


Succinic dehydrogenase activity relation hormonal status 


Activities are expressed succinate oxidized/min. amount tissue corresponding 100 body wt. 
this and subsequent tables, the standard error given after each mean difference, and the number degrees freedom 
and the probability that the difference could due chance are given parentheses. 


Experimental rats: difference from corresponding control rats 


A— 
Control rats: Hypophysectomized 
mean +growth hormone Adrenalectomized 
(7; P<5% (5)* (8) 
Mitochondrial fraction 5-79 
(7; (5) (7) 


Difference from corresponding untreated hypophysectomized (5; P<5%). 
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Table Nuclease activities relation hormonal status 
Activities are expressed mononucleotide liberated/min. amount tissue corresponding 


body wt.; for the purpose the calculation assumed (Duve al. 1955) that the acid-soluble digestion products 


consist entirely mononucleotides. (See also Table 1.) 


Experimental rats: difference from corresponding control rats 


Control rats: 
mean value 


Hypophysectomized 


Hypophysectomized 


+growth hormone Adrenalectomized 


Deoxyribonuclease 


(6; P<5%) 
Mitochondrial fraction 0-98 
(5) 
Microsomal fraction 0-12 +0-12 
Supernatant fraction 0-04 
(0) 
Acid ribonuclease 
Whole cytoplasmic fraction 5-08 
(6; 
Mitochondrial fraction 3-09 0-06 
(5) 
Microsomal fraction 0-77 
(4) 
Supernatant fraction 0-85 +0-38 40-156 
(4) 
Alkaline ribonuclease 
Whole fraction 1-63 
(6) 
Mitochondrial fraction 1-14 +0-25+0-160 
(5) 


+ 0-28 + 0-064 
(4; 
(3) 
+ 0-07 
(0) 
+0-20 


(0) 


1-15 
(4) 
+1-48+0-791 
(3) 
+0-17+0-064 
(3)* 
(3; P<5%) 


(4) 

+0-07 
(3) 


(6; 

0-237 
(6) 

0-05 
(4) 
+0-18+0-055 
(4; P<5%) 


(6; 
(6) 
(3) 
(3; P<5%) 


(6) 


(3) 


Difference from corresponding untreated hypophysectomized 


(3; 


this suspension being 12-fold for the actual 
assay). Since, however, reduction activity has 
likewise been obtained with 
preparation with growth hormone subjected 
treatments (heating digestion with 
trypsin) which destroy its growth-promoting 
activity, the effect demonstrated with untreated 
growth hormone vitro apparently non-specific. 

Deoxyribonuclease. evident from Table 
the deoxyribonuclease activity the whole cyto- 
plasm showed marked increase (71%) after 
adrenalectomy, and small increase (18%) after 
hypophysectomy whether not growth hormone 
had been administered. The activity the mito- 
chondrial fraction also tended increase after 
hypophysectomy and, proportionately lesser 
extent, after adrenalectomy. The effect 
ectomy the cytoplasmic activity was due part 
fivefold rise the activity the supernatant 
fraction. 

Acid ribonuclease. Some increase the cyto- 
activity occurred after adrenalectomy, and 
also after hypophysectomy, the effect which was 
significantly influenced growth hormone 


(Table 2). The mitochondrial and microsomal 
fractions showed almost normal activity hypo- 
physectomized rats, but the administration 
growth hormone tended increase the activity 
these fractions and P<5 respectively). 
The increase cytoplasmic activity occurring 
after hypophysectomy adrenalectomy was 
largely due rise the activity the super- 
natant fraction. 

Alkaline ribonuclease. The activity this enzyme 
the whole cytoplasm and the mitochondrial 
fraction was not significantly changed hypo- 
physectomy adrenalectomy (Table 2). 

RNA content the supernatant fraction. was 
confirmed that adrenalectomy induces rise the 
amount RNA the supernatant fraction (Reid, 
1955, 1956), and further shown that the rise 
attributable increase the amount 
‘polymerized’ RNA (Table 3). This conclusion may 
also hold for hypophysectomized rats given growth 
hormone, the administration which was pre- 
viously shown (Reid, 1955, 1956) induce 
increase the amount RNA the supernatant 
fraction. 
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Table 3 


Values represent mg. RNA (in the supernatant fraction)/100 body wt. 


STEVENS AND 
RNA content the supernatant fraction, relation hormonal status 


(See also Table 1.) 
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Experimental rats: difference from corresponding control rats 


Control rats: 
mean value 


Hypophysectomized 


Hypophysectomized 


+growth hormone Adrenalectomized 


(7) (5) (13; 
(7) (5) (13; 


DISCUSSION 


The conclusion that the succinic dehydrogenase 
activity the liver increases after hypophysectomy 
agreement with the finding Wollman Scow 
(1951) that hypophysectomized rats (consuming 
less food than the controls) had slightly increased 
succinoxidase activity, calculated the concentra- 
tion fresh liver tissue. The observation that 
adrenalectomy tends raise succinic dehydro- 
genase activity also agreement with data for 
succinoxidase obtained these authors, but 
disagreement with the report Tipton, 
Leath, Tipton Nixon (1946) that liver-succin- 
oxidase activity falls after adrenalectomy. Tipton 
and collaborators recognize the possibility that the 
oxidase activity which occurs 
after adrenalectomy 1944) might render 
this enzyme the limiting factor the succinoxidase 
system (Schneider Potter, 1943). Should this 
the case, their observation that succinoxidase 
activity falls after adrenalectomy could re- 
conciled with the present finding, although not with 
that Wollman Scow. 

The effect hypophysectomy de- 
hydrogenase activity could evidently due 
deprivation growth hormone and possibly also 
adrenocorticotrophin, but not thyrotrophin 
(Tipton al. 1946; Barker, 1955). The various 
diversely affected hypophysectomy, indi- 
cated the report Phillips Langdon (1956) 
that the oxidation reduced triphosphopyridine 
nucleotide decreased, whereas that reduced 
diphosphopyridine nucleotide unaffected. 

Since succinic dehydrogenase activity 
creased after hypophysectomy (and possibly after 
adrenalectomy), whereas coenzyme may fall 
after hypophysectomy (Ringler Leonard, 1954; 
Grimmett, Beers Shelata, 1956; but 
Chernick Moe, 1956), would interest 
know whether the catabolism oceurring via the 
tricarboxylic acid cycle increased, Engel (1954) 
has suggested. The observation that liver slices 
from hypophysectomized have decreased 


in- 


rats 


respiration (Victor Andersen, 1938; MacLeod 


Reiss, 1940; Chernick Moe, 1956) does noi dis- 
prove this suggestion, since the decrease could due 
decrease fatty acid oxidation. With acetate 
substrate, formation carbon dioxide liver 
slices unchanged hypophysectomy (Baruch 
Chaikoff, 1955), although increase may occur 
under certain conditions after adrenalectomy 
(Perry Bowen, 1956). 

The apparent fall the succinic dehydrogenase 
activity the cytoplasm after treatment with 
growth hormone accord with suggestion 
(Engel, 1954) that the tricarboxylic acid cycle 
slowed growth hormone, observed under 
certain conditions intact rats (Greenbaum, 1955). 
However, intact rats may differ from hypophys- 
ectomized rats their response growth hormone, 
found Ringler Leonard (1954) and 
Bartlett al. (1956) their studies coenzyme 
The influence hormones the tricarboxylic acid 

cycle clearly warrants closer study. 

The observations that deoxyribonuclease activity 
markedly raised after adrenalectomy (Table 
and that the amount deoxyribonucleic acid 
liver increased after adrenalectomy, although not 
after hypophysectomy (Reid, 1956) are compatible 
with, but not unequivocally 
suggestion Schneider Hogeboom (1952) that 
liver nucleases govern the synthesis, rather than the 
degradation, nucleic acids. 

With ribonucleases, synthetic function has also 
been suggested Hokin Hokin (1954), and has 
been shown Heppel, Whitfeld Markham (1955) 
that pancreatic ribonuclease can fact catalyse the 
synthesis polynucleotides from cyclic nucleo- 
tides. ‘Alkaline-ribonuclease activity’, which has 
shown dependence hormonal status (Table 2), 
may depend enzyme which has recently been 
purified and which appears similar specifi- 
city pancreatic ribonuclease (Kaplan Heppel 
1956; Roth, 1956). ‘Acid-ribonuclease activity 
which increases after hypophysectomy adrenal- 
ectomy, presumably depends different enzyme 
group enzymes (Lamirande al. 1954; Roth, 
1956) the specificity which not known. 
increase this activity would not expected 
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acid ribonuclease has function the synthesis 
microsomal RNA, protein (Roth, 
since there evidence suggest that the synthesis 
microsomal RNA and protein depressed 
hypophysectomy adrenalectomy (Reid, 
Stevens Burnop, 1956). contrast with the 
microsomal fraction, the supernatant fraction does 
show apparent increase the synthesis RNA 
after adrenalectomy, although not after hypo- 
physectomy. the rise 
activity after adrenalectomy indeed related 
some change the metabolism the RNA the 
supernatant fraction, this change might course 
increase RNA catabolism accompanying the 
apparent increase anabolism. 

considering the data for enzyme levels 
individual fractions, distinct from the whole 
cytoplasm, account should taken suggestion 
(Weiss, 1955) that increase the fragility 
cytoplasmic particles could account for certain 
hormonal effects, such the fall the amount 
mitochondrial RNA after hypophysectomy (Reid, 
1955, 1956). possible consequence such 
increase the fragility permeability, there might 
apparent shift, into the microsomal super- 
natant fraction, enzymes normally located within 
mitochondria, found after adrenalectomy with 
D-amino acid oxidase (Kuriaki Kensler, 1954). 
These authors mention preliminary experiments 
which indicated that the proportion 
succinoxidase activity found the mitochondrial 
fraction decreased after adrenalectomy. However, 
details have been published, and such shift 
evident from the results now obtained for succinic 
dehydrogenase from the data reported Reid, 
O’Neal Lewin (1956) for 


phatase. Indeed, the data for dehydro- 
genase indicate that the amount the mito- 


chondrial fraction rises after hypophysectomy and 
possibly after adrenalectomy, despite fall the 
yield this fraction (Reid, 1955, 1956). 

There good evidence that deoxyribonuclease 
and acid ribonuclease are located 
(‘lysosomes’) which are present mitochondrial 
fractions but are distinct from mitochondria (Duve 
etal. 1955). Since the increases deoxyribonuclease 
and acid-ribonuclease activities after adrenal- 
ectomy, and acid-ribonuclease activity after 
hypophysectomy, are proportionately greater with 
the supernatant fraction than with the mito- 
condrial fraction 2), possible that there 
indeed increase the fragility permeability 
these particles. Such increase could, however, 
account for the decrease the yield the 
mitochondrial fraction, which these particles 
form only small proportion. Previous work 


(Reid, 1955) suggests that the decrease is, 
hypophysectomized rats, due decrease RNA 
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and other water-soluble constituents, the nature 
which unknown. 

The results obtained for succinic dehydrogenase 
and adenosinetriphosphatase the present studies 
support the conclusion Greenbaum Greenwood 
(1954) that the enzymes mitochondria may, under 
endogenous influences, change relative amount. 
The conclusion that the composition cytoplasmic 
particles not invariable also applies the micro- 
somal elements (Reid, 1955; Reid, O’Neal Lewin, 
1956). 


SUMMARY 


The levels activity succinic dehydro- 
genase and nucleases rat-liver have 
been studied relation alterations hormonal 
balance. The distribution activity among 
separated fractions (mitochondrial, microsomal and 
supernatant fractions) has also been studied. 

The succinic dehydrogenase activity the 
whole cytoplasm and the mitochondrial fraction 
rose after hypophysectomy and tended rise after 
adrenalectomy. Treatment with growth hormone 
reversed the effect hypophysectomy the whole 
eytoplasm. 

Cytoplasmic deoxyribonuclease activity rose 
slightly after hypophysectomy (whether not 
growth hormone had been given), and more 
markedly after adrenalectomy, the effect which 
was partly attributable rise the activity the 
supernatant fraction. 

The acid-ribonuclease activity the whole 
cytoplasm, and that the supernatant fraction, 
rose after hypophysectomy (whether 
growth hormone had been given) after adrenal- 
ectomy. 

Alkaline-ribonuclease activity did not alter 
with changes hormonal status. 

The increase the amount ribonucleic acid 
the supernatant fraction which occurs after 
adrenalectomy was found due rise 
‘polymerized’ ribonucleic acid. 
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Studies Ali-esterases 


DIFFERENTIATION ESTERASES PANCREAS AND BRAIN 
THE USE ORGANOPHOSPHORUS INHIBITORS* 


Pharmaco-therapeutic Laboratory, University Amsterdam, Amsterdam, Holland 


(Received March 1956) 


The results obtained previous investigations have 
demonstrated the value the organophosphorus 
compounds experimental tools for the differentia- 
tion the various types enzymes with esterase 
activity. means these inhibitors possible 
distinguish clearly between certain the ester- 
ases which are present the same tissue, e.g. 
between the A-esterases, ali-esterases (B-type 
esterase) and resistant tributyrinase which may 
all present plasma (Aldridge, 1953, 1954; 
Mounter Whittaker, 1953; Myers, Schotte 
Mendel, 

Part Myers, Schotte, Boer Borsje-Bakker 

Present address: Suffield Experimental Station, 


Ralston, Alberta, Canada. 


Later was also shown that least three types 
enzymes with esterase activity can distinguished 
pancreas the use these organophosphorus 
inhibitors (Myers, Schotte, Boer Borsje-Bakker, 
1955b). The lipase, which responsible for the 
hydrolysis tributyrin pancreas suspension, 
relatively resistant inhibition most the 
organophosphorus derivatives except diethyl 
phosphate (cf. Aldridge, 1954); 
while the cholesterolesterase, which probably 
responsible for the hydrolysis methyl and phenyl 
butyrates pancreas (cf. Fodor, 1950), readily 
inhibited all the organophosphorus compounds 
tested. The slow hydrolysis butyrate 
pancreas due largely third enzyme (ef. 
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Hofstee, 1952) which appeared resistant 
inhibition well the other organo- 
phosphorus compounds. Further experiments 
the differentiation the enzymes and their speci- 
ficities will presented below. 

These investigations with organophosphorus 
compounds have been extended brain effort 
define more clearly the esterases present this 
tissue, the same way reported previously for 
the esterases blood and pancreas (Aldridge, 1953, 
1954; Mounter Whittaker, 1953; Myers al. 
1955a, b). The results obtained indicate that brain 
contains least three esterases capable hydro- 
lysing fatty acid esters such tributyrin, phenyl 
butyrate ethyl butyrate. These esterases could 
clearly distinguished from each other and from the 
other esterases present brain, i.e. the cholin- 
esterases and proteolytic enzyme capable 
hydrolysing amino acid esters. 


METHODS 


Esterase activity was measured manometrically the 
Warburg method 37-5° and 7-4 medium contain- 
ing and saturated with CO, (5:95, 
vol.). Aqueous homogenates rat brain and rat pancreas 
were prepared with glass homogenizer. 
Unless otherwise indicated the text, the reaction mixture 
containing tissue suspension was incubated for min. 
the Warburg vessels with without inhibitor before 
small volume substrate was added determine the 
residual esterase activity. 

For the experiments with pancreas, which are reported 
Table concentrated suspension containing mg. 
fresh pancreas/ml. was incubated with without inhibitor 
bicarbonate buffer fur hr. and 7-4; sub- 
sequently suitable amount this suspension was pipetted 
into the Warburg vessels and the esterase activity deter- 
mined the usual way after further equilibration period 
min. 37-5°. portion ml.) the concentrated 
suspension could pipetted directly into the Warburg 
vessels when the esters tyrosine leucine were used 
substrates, since these esters gave low activity the 
control vessels without inhibitor. However, the activity 
towards tributyrin was very high, and consequently was 
necessary dilute the pancreas suspension 1000-fold for the 
experiments with tributyrin substrate; for this purpose, 
the concentrated suspension was first diluted 100-fold 
bicarbonate buffer and 0-5 ml. this diluted suspension was 
pipetted into the Warburg vessels which contained total 
final volume Intermediate dilutions were 
employed with the esters which were hydrolysed 
intermediate rate, the dilution being adjusted that the 
control vessels with each substrate showed activity 
15-35 CO,/5 min. These dilutions could produce 
return the enzyme activity the vessels with inhibitor 
the inhibition was rapidly reversible; however, evidence 
was presented the previous paper (Myers al. 19555) 
show that the lipase and esterase rat pancreas are in- 
hibited irreversibly organophosphorus compounds such 
E600. Moreover, the enzyme activity was always 


measured min. intervals for min. and gradual 
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return the activity the vessels containing inhibited 
enzyme was observed during this period. 

The substrates were prepared aqueous emulsion 
solution containing (w/v) gum acacia and adjusted 
7-4. Esters such tributyrin were emulsified the 
gum-acacia solution with the aid 
homogenizer. The resultant emulsion finely divided and 
moderately stable; when stored 0°, the tributyrin does 
tend settle out but readily resuspended shaking the 
emulsion. 

most cases, the final concentrations ester and gum 
acacia the reaction mixture were 0-2 and (w/v) 
the final concentration salicyl butyrate was 
increased (w/v) order increase the rate enzymic 
hydrolysis the pancreas suspensions. all experiments 
the esterase activity was calculated from the initial rate 
hydrolysis the ester after the appropriate corrections had 
been made for the slow hydrolysis this 
substrate. 

addition the esters described previously (Myers al. 
ethyl butyrate, ethyl (Erlen- 
meyer, 1866) and the ethyl ester 
(Curtius Muller, 1904) were prepared the methods 
described the literature. The esterase inhibitors used were 
E600, diisopropyl p-nitrophenyl phosphate (DINP), 
tetraethyl pyrophosphate (TEPP) and eserine. E600 and 
DINP were kindly supplied Albright and Wilson, Ltd., 
London, and TEPP Gersmann, Laboratory for 
General and Inorganic Chemistry, University Amsterdam. 


RESULTS 

Pancreas 
Table shows the effect various concentrations 
E600 and DINP the activity fresh pancreas 
homogenates towards esters. The degree 
inhibition the esterases given concentration 
600 DINP dependent the concentration 
pancreas the reaction mixture (Myers al. 
these experiments, therefore, concen- 
trated enzyme preparation was incubated with the 
inhibitors order produce irreversible in- 
hibition the various esterases under identical 
experimental conditions (cf. Myers al. 
subsequently suitable amount the suspension 
was pipetted into the Warburg vessels and the 
residual esterase activities were measured. 

The results obtained for the hydrolysis tri- 
butyrin the pancreatic lipase and for the hydro- 
lysis phenyl butyrate the pancreatic esterase 
have been described previously (Myers al. 
but are included Table for comparative pur- 
poses. can seen that the lipase scarcely 
affected DINP but almost completely in- 
conditions (cf. Aldridge, 1954; Myers al. 
the basis these criteria, appears that the 
lipase responsible for the total activity 
towards butyrate and for the total 
activity towards ethyl butyrate, well for all 
the activity the pancreas homogenate towards 
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tributyrin (Table 1). The esterase responsible for the 
remaining the total activity towards phenyl 
butyrate and remaining 83% the total 
activity towards ethyl butyrate completely 
inhibited DINP (Table 1). the 
basis sensitivity inhibition DINP, 
appears that the activity the pancreas homo- 
genates towards ethyl and the 
amino acid esters due mainly the same esterase 
which hydrolyses pheny! butyrate. 

slight activity towards the amino acid esters 
remains which not inhibited high concentra- 
tions E600 DINP under the experimental 
conditions (Table and which therefore probably 
due third enzyme. The enzyme responsible for 
the activity towards the amino acid 
esters could not distinguished from the enzyme 
responsible for the 600-resistant activity towards 
salicyl butyrate the type experiment shown 
Table (cf. Myers al. 1955b). However, Table 
shows that these enzymes must different. The 
enzyme responsible for the activity 
towards salicyl butyrate strongly inhibited 
cysteine and activated MgCl, and NaCl; this 
respect appears resemble carboxypeptidase (cf. 
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(Table 2). might noted that carboxypeptidase, 
contrast the other proteolytic enzymes 
pancreas, does not appear sensitive inhibi- 
tion the organophosphorus compounds (Balls 
Jansen, 1952). Since this enzyme hydrolyses 
carboxyphenethyl chloroacetate and other esters 
which possess free group the appropri- 
ate position the alcohol residue the ester, 
conceivable that carboxypeptidase might also 
hydrolyse salicyl butyrate. The inhibitory effects 
Ipropionic acid and phenylacetic acid the 
hydrolysis salicyl butryate the pancreas 
homogenates (Table offer further evidence 
support this suggestion (cf. Smith, b). 
The enzyme responsible for the 
activity rat pancreas towards ethyltyrosine 
probably chymotrypsin. Both trypsin and chymo- 
trypsin are capable hydrolysing amino acid esters 
(Neurath Schwert, 1950; Neurath, 1952), and 
both enzymes are relatively resistant inhibition 
E600 (Hartley Kilby, 1952; Kilby Youatt, 
However, trypsin not stable under the 
experimental conditions used this investigation 
(cf. Kunitz, Northrop Herriot, 1948) and does 
not hydrolyse these esters rapidly, contrast 
chymotrypsin. Although the 


Smith, None the other enzymes 
studied exhibits similar pattern results 
Table 


Homogenates containing mg. fresh rat were incubated 


concentrations DINP E600. The esterase activities 
pancreas suspensions described the text. 


DINP and the esterase activities rat pancreas 


and 37-5° for hr. with various 
were subsequently measured after suitable dilution the 


Esterase activity (ul. CO,/mg. pancreas/hr.) 


inhibitor Phenyl 

Inhibitor Tributyrin butyrate 
None 6400 1200 
DINP 10-8 6400 1025 
10-7 6400 310 
6400 
1560 

10-4 180 0-2 


Ethyl Ethyl- 

Ethyl Ethyl- Ethyl- 
butyrate propionate tyrosine leucine 
210 19-0 5-1 8-0 
0-2 1-2 1-2 


Table Effect several inhibitors and activators the esterases rat pancreas 


The activities towards ethyltyrosine and butyrate were measured the presence 


inhibit the hydrolysis these esters enzymes (see Table and Myers al. 


Esterase activity percentage the normal 


activ 0-025 bicarbonate buffer 


Salicyl thyl- 
Compound added the butyrate tyrosine Phenyl 
reaction mixture E600) butyrate Tributyrin 


et 


{ 

f 

a 

d 

Cc 

d 

a 

Cc 
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activity pancreas towards ethyltyrosine not 
significantly inhibited 600 under the conditions 
used Table could inhibited very high 
concentrations this compound. The activity 
this enzyme was, fact, inhibited after incu- 
bation with E600 for hr. 37-5°; this 
value the same order magnitude that 
found Hartley Kilby (1952) for the inhibition 
purified chymotrypsin 600. 


Brain 


the previous investigations 
esterase inhibitors (cf. Mendel, Myers, Uyldert, 
Ruys Bruyn, 1953; Myers, 1954), was assumed 
for practical purposes that the eserine-resistant 
activity rat brain towards tributyrin due 
single enzyme. This assumption not strictly 
correct, although the major portion this activity 
due single esterase. The esterases brain 
were studied more detail Aldridge (1954), who 
obtained evidence show that brain must contain 
more than one ali-esterase, although his data not 
define the substrate specificity these enzymes 
clearly. These ali-esterases cannot clearly 
distinguished when E600, TEPP 
fluoride employed inhibit their 
activities (Myers, 1954; cf. Myers, apparently 
the various ali-esterases brain not differ 
markedly their sensitivity these inhibitors. 
However, the results obtained with DINP clearly 
show that the hydrolysis tributyrin rat 
brain must due two esterases, both which 
are resistant inhibition eserine and 


therefore distinct from the cholinesterases 3). 


Similar results were obtained with tributyrin when 
certain other inhibitors were used place DINP, 
e.g. p-nitrophenyl 
date, and bis-p-nitrophenyl methyl- 
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phosphoroamidate (Myers, further investiga- 
tions have been carried out only with DINP. 

The inhibition the activity brain homo- 
genates towards tributyrin triacetin increases 
steadily the concentration DINP increased, 
until steady value attained when the concen- 
tration DINP reaches (Table 3). 
further increase the concentration DINP 
inhibition, while increase DINP 
causes only small depression the residual esterase 
activity towards these substrates. Apparently the 
brain contains one esterase which completely 
inhibited DINP and second esterase 
DINP and only partially inhibited 
DINP. This conclusion supported 
the finding that the low activity the brain 
towards ethyl butyrate completely inhibited 
DINP (Table 3); the hydrolysis this 
ester can ascribed entirely the DINP-sensitive 
ali-esterase. 

comparison the data obtained with tri- 
butyrin and triacetin substrates (Table sug- 
gested that third esterase might present. The 
DINP-resistant activity towards tributyrin 
slightly more sensitive inhibition high concen- 
trations DINP than the DINP-resistant 
activity towards triacetin. was also observed 
that the DINP-resistant activity towards series 
esters did not show regular pattern; the rate 
hydrolysis phenyl esters decreased regularly 
the order acetate, propionate, butyrate, but the rate 
hydrolysis the triglycerides decreased the 
order butyrate, acetate, propionate. 

order investigate the possibility that the 
DINP-resistant esterase activity might due 
more than one enzyme, the sensitivity the 


Table Effect DINP and the esterase activities rat brain 


Homogenates containing mg. fresh rat brain/ml. were incubated 7-4 and 37-5° for min. with various 
concentrations DINP E600 the Warburg vessels. The esterase activities were subsequently measured without 
further dilution the enzyme preparation. All measurements were carried out the presence eserine 


order inhibit selectively any cholinesterase activity. 


inhibitor 
(m) Triacetin 
None 210 
DINP 202 
10-8 166 
127 
114 
5x10-> 114 
5x10-4 100 
108 


548 
495 
348 
212 
158 
156 0 38 
334 
192 
154 
102 
30 0 36 


L- 
10 
LS 
)- 
n 
S 
st 
Esterase activity (ul. CO,/100 mg. brain/hr.) 
Tributyrin Ethyl butyrate Ethylleucine 
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esterase activities destruction alkaline 
has been studied. The results previous investiga- 
tion had demonstrated the existence eserine- 
resistant triacetinase rat brain which, unlike the 
other esterases, was not inactivated 


(Myers, 1949). homogenate containing 200 mg. 


brain (wet weight)/ml. was, therefore, exposed 
10-5 for min. room temperature and sub- 
sequently neutralized. The 
esterase was almost completely inactivated, while 
the cholinesterase activity towards 
choline was partially destroyed. The DINP-re- 
sistant activity towards tributyrin was reduced 
from 156 pl. CO,/100 mg. brain/hr., while 
the DINP-resistant activity towards triacetin was 
only slightly affected, decreasing from 114 
105 CO,/100 mg. brain/hr. Apparently 
possible distinguish between DINP-resistant 
tributyrinase and DINP-resistant triacetinase 
brain this method. The tributy- 
rinase, like the DINP-sensitive enzyme, appears 


resistant triacetinase retains the major portion 


its activity under these conditions. The small 
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activity towards tributyrin which remains after 
exposure 10-5 cannot further reduced 
more drastic treatment without inactivating the 
enzyme responsible for the hydrolysis triacetin 
(cf. Myers, 1949); seems probable, therefore, that 
the residual activities towards tributyrin and tri- 
acetin are due the same enzyme, i.e. the 
resistant triacetinase also exhibits small activity 
towards tributyrin. 

The differences between the brain esterases 
their sensitivity various inhibitors 
destruction alkali are summarized Table 
the basis these differences, possible 
distinguish between the activities each the 
esterases rat brain and consequently study the 
substrate specificities each these enzymes. 
The results obtained this way are given Table 

can seen that each the esterase activities 
which have been separated exhibit characteristic 
substrate-specificity pattern; moreover, the sub- 
strate-specificity patterns not exhibit any 
marked irregularities such were observed with the 
total DINP-resistant esterase activity (Table 5). 
These facts support the conclusion that each the 


Table Characteristics the esterases rat brain 


Inhibition Inhibition Destruction Inhibition 
eserine DINP for min. 
Cholinesterase 


ali-esterase 
tributyrinase 
triacetinase 


Table 


Rate hydrolysis various esters the esterases rat brain 


Esterase activities were measured 7-4 and 37-5° described the text. The total activity homogenate rat 
brain towards various esters given the second col.; this activity was divided into its component parts the basis 
the characteristics described Table The portion the activity which was inhibited eserine 
TEPP was ascribed the cholinesterases and given the third col. The values given for the DINP-sensitive ali- 
esterase represent that portion the activity which was inhibited DINP but not eserine. The 
activity the DINP-resistant triacetinase was measured the presence DINP after the brain homogenate 
had been allowed stand 10-5 for min. room temperature. The activity the DINP-resistant tributyrinase 
was estimated from the difference between the activity fresh brain homogenate the presence DINP 
and the residual activity the DINP-resistant triacetinase which remained after the homogenate had been treated with 
alkali described above order inactivate the tributyrinase. the cases where value given, the activity the 
esterases question was too low measured accurately. 


Total 
Substrate activity 
Tributyrin 
8-1 


Tripropionin 
Triacetin 


Phenyl butyrate 11-6 
Phenyl propionate 21-0 
acetate 22-6 
Benzyl acetate 
Ethyl butyrate 0-38 


DINP- DINP- 
Cholin- sensitive resistant resistant 
esterases 
0-2 1-4 
0-6 6-5 0-6 0-4 
1-3 0-9 1-0 
8-8 
7-4 10-8 
8-4 
6-6 1-0 
0-38 
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esterase fractions distinguished the methods 
given Table does, fact, represent distinct 
esterase. The results not prove, course, that 
all the esterases the brain homogenate have 
been identified; the other hand, there 
clear evidence which would suggest the presence 
other esterases capable hydrolysing the sub- 
strates question appreciable rate. 

The data given Table show that both the 
DINP-sensitive esterase and the DINP-resistant 
triacetinase are capable hydrolysing phenyl 
esters well triglycerides; this respect these 
enzymes differ from the esterases pancreas 
described previously (Myers al. Both 
these enzymes appear hydrolyse esters 
more efficiently than triglycerides and act most 
efficiently the esters short-chain fatty acids. 
The rate hydrolysis the DINP-sensitive 
esterase decreases the order propionate, butyrate, 
acetate, whereas the rate hydrolysis the 
resistant triacetinase decreases the order acetate, 
propionate, butyrate (Table 5). 

Owing the experimental methods used 
distinguish the DINP-resistant tributyrinase (cf. 
Table 4), reliable values for the activity this 
enzyme could only obtained with tributyrin and 
tripropionin substrates (Table 5). However, the 
DINP-resistant tributyrinase does not hydrolyse 
phenyl esters rapidly and the only one the 
esterases rat brain which appears act prefer- 
entially tributyrin possibly the triglycerides 
higher fatty acids. judged from the data given 
Aldridge (1954) and Table highly 
probable that this enzyme hydrolyses tricaproin 
even more rapidly than tributyrin. many 
respects this enzyme appears resemble the lipase 
pancreas (cf. Myers al. although the 
activity pancreatic lipase towards tributyrin 
about 5000 times greater per mg. fresh tissue 
(Tables and 5). 

Data the activities the cholinesterases 
present the rat-brain homogenates are also 
included Table These data are minor in- 
terest since attempt was made distinguish 
between true cholinesterase and pseudocholin- 
esterase, and since the specificities the cholin- 
esterases have been studied extensively other 
investigators (cf. Whittaker, 1951). However, the 
results given Table show that the cholinester- 
ases may responsible for considerable portion 
the total activity rat brain towards some the 
non-choline esters used substrates. the present 
investigation, all the experiments the ali- 
esterases rat brain were carried out the 


cholinesterases completely selectively 


Easson Stedman, 1937; Richter Croft, 1942; 
Mendel Rudney, 1943; Myers Mendel, 1949). 
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additional check this method, some 
experiments were also carried out the presence 
TEPP; this compound inhibits the true 
cholinesterase rat brain almost completely 
concentration under the experimental 
conditions but does not have appreciable effect 
the esterase activity towards tributyrin until the 
concentration approaches (Myers, 1954). The 
results obtained with eserine and 
TEPP proved identical. 

extension the investigations the ester- 
ases pancreas, also studied the hydrolysis 
the esters leucine and 
rat-brain homogenates. The ethyl ester 
alanine was not hydrolysed appreciable rate; 
confirmation the data given Krimsky 
Racker (1949), low activity towards the ethyl 
ester leucine could demonstrated (Table 3). 
This activity due proteolytic enzyme which 
hydrolyses various amino acid amides and esters 
(Krimsky Racker, 1949) well peptides 
(Krimsky Racker, 1952; Zeller, 1945; Racker 
Krimsky, 1948). However, this enzyme 
scarcely affected either E600 DINP under the 
experimental conditions (Table 3). The cathepsin 
responsible for the hydrolysis ethylleucine 
brain suspensions therefore not identical with 
any the other esterases described above. 

DISCUSSION 

The organophosphorus compounds have proved 
very useful for differentiating the complicated 
mixture esterases present pancreas and brain 
well those present other tissues, e.g. blood. 
This task would considerably more difficult and 
more laborious conventional methods purifica- 
tion the enzymes concerned; the purification 
would especially difficult for those esterases the 
brain which seem attached insoluble lipid 
material (cf. Myers, 1949; Ord Thompson, 1951). 
These selective inhibitors make possible 
divide the total activity crude tissue prepara- 
tion into its component parts, each which can 
assigned different enzyme. 

the same time, the results indicate some the 
limitations this method distinguishing between 
various enzymes with esterase activity. Since 
pancreas contains more than one enzyme which 
relatively resistant inhibition E600, was 
incorrectly suggested that the E600-resistant 
activities towards butyrate 
tyrosine might due single enzyme (Myers 
al. other methods analysis showed that 
this suggestion was not justified (Table 2). Simi- 
larly, the two DINP-resistant esterases brain 
clearly distinguished this method, 
although they differ their sensitivity 
destruction alkaline solutions (Table 4). 
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may also difficult distinguish between 
esterases when single, reactive inhibitor 
such E600 used. The activities the ali- 
esterase and A-esterase plasma (Aldridge, 1953) 
and the activities the cholesterolesterase and 
lipase pancreas (Myers al. ef. Aldridge, 
1954) can separated this means. However, 
less reactive inhibitor such DINP necessary 
order distinguish certain the other esterases 
present normal and post-heparin plasma (Myers 
al. and distinguish between the eserine- 
resistant esterases brain (Table 3); both 
instances, the DINP-sensitive and 
esterases not differ greatly their sensitivity 
Evidently the best results will obtained 
the use both types inhibitor turn, since 
some the enzymes which are resistant DINP 
fact, seems probable that wider variety 
inhibitors would increase the range applicability 
this method for the differentiation enzymes 
with esterase activity. 

The organophosphorus compounds used the 
present investigation represent unusual type 
inhibitor, since they react with the esterases the 
same way the normal substrates and yet 
produce inhibition which only slowly re- 
versible—in some cases practically irreversible. 
Nevertheless, seems probable that the same 
general principles would involved 
selective inhibitors other enzymes. long 
the selectivity the inhibitor open question, 
the data obtained for the substrate-specificity 
pattern crude enzyme the use selec- 
tive inhibitor will more equivocal than those 
obtained with the purified enzyme. However, 
these inhibitors seem almost indispensable for 
investigations the number enzymes present 
crude tissue preparations and for the preliminary 
identification the reactions catalysed these 
enzymes. 

The results obtained this investigation em- 
phasize the fact that single tissue may contain 
complex mixture enzymes with esterase activity 
towards the same similar substrates. Rat brain, 
for example, contains least five enzymes capable 
hydrolysing triacetin tributyrin both, 
namely the true cholinesterase, the pseudocholin- 
esterase (cf. Whittaker, 1951) and three other 
enzymes (see Tables and with the character- 
istics ali-esterases defined Richter Croft 
(1942; cf. Mounter Whittaker, 1953). Further 
appears contain cathepsin capable hydro- 
lysing ethylleucine. The tributyrin- 
ase seems have the characteristics lipolytic 
enzyme, noted above; physiological substrates 
could, therefore, assigned this enzyme well 
the true cholinesterase and the cathepsin, even 
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though further investigations are required order 
define the exact physiological functions the 
and the cathepsin. 
However, still have little information con- 
cerning the physiological substrates the other 
esterases. 

Except cases where the rate hydrolysis the 
substrate limited the rate decomposition 
the intermediary acyl-enzyme derivative (ef. 
Wilson, 1952), the enzymes with esterase activity 
generally hydrolyse variety substrates rate 
which parallels the inherent lability the sus- 
peptides (Neurath Schwert, 1950; Smith, 
Suzuoki-Ziro Suzuoki-Tuneko, 1954; Johnston, 
1955). possible, therefore, that the physio- 
logical substrates the esterases mentioned above 
might not esters but belong, rather, another 
class physiological compound, e.g. amides and 
peptides the amino acids, thio esters such the 
acyl derivatives coenzyme The esterases 
question can clearly distinguished from the 
cathepsin brain described Krimsky Racker 
(1949); however, this does not completely exclude 
the possibility that least one these esterases 
might have function protein metabolism, 
since the results described Zeller (1945) indicate 
that the brain may contain more than one proteo- 
lytic enzyme. 

Each the enzymes studied rat pancreas could 
identified with some degree certainty, i.e. the 
lipase, the cholesterolesterase, chymotrypsin and 
closely related enzyme. The 
identification the esterase responsible for the 
hydrolysis phenyl, and butyrates 
pancreas homogenates complicated the finding 
that this enzyme exhibits relatively low activity 
towards the ethyl esters amino acids (Table 1). 
However, the only proteolytic enzymes pancreas 
reported hydrolyse these esters are trypsin and 
chymotrypsin (Neurath Schwert, 1950) and both 
are approximately 100000 times less sensitive than 
the pancreatic esterase inhibition (ef. 
Hartley Kilby, 1952; Kilby Youatt, 1954; 
Myers al. seems fairly certain, there- 
fore, that this esterase not proteolytic enzyme; 
moreover, its characteristics are similar those 
the enzyme pancreas which responsible for the 
hydrolysis cholesterol esters (Fodor, 1950; 
Myers al. This finding suggests that the 
pancreatic esterase identical with the cholesterol- 
esterase pancreas and that its low activity 
towards amino acid esters due simply lack 
absolute substrate specificity the rate hydrolysis 
lower than the rate hydrolysis ethyl 
propionate, the analogous ester without amino 
group (Table 1). 
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SUMMARY 


The substrate specificities the esterases 
rat pancreas and brain have been studied with 
organophosphorus compounds selective esterase 
inhibitors. 

The pancreas contains least two enzymes 
with esterase activity which are relatively resistant 
inhibition diethyl p-nitrophenyl phosphate 
(E600). The data obtained suggest that the 
resistant activity towards salicy] butyrate due 
carboxypeptidase enzyme with similar 
properties, whereas the E600-resistant activity 
towards ethyltyrosine probably due chymo- 
trypsin. 

The enzyme pancreas identified previously 
cholesterolesterase (Fodor, 1950; Myers al. 
variety esters including the ethyl esters tyro- 
sine, phenylalanine and leucine. The low activity 
towards these amino acid esters probably reflects 
the broad substrate specificity this enzyme. 

Three ali-esterases with distinct substrate- 
specificity patterns could distinguished brain 
homogenates. These enzymes are distinct from the 
cholinesterases and from the cathepsin brain, 
described Krimsky Racker (1949). 

The possible physiological functions these 
enzymes and the differentiation esterases 
means selective inhibitors are discussed. 

The author much indebted Miss Tol and Miss 
Jonge for invaluable technical assistance, and 
Professor Slater for his suggestions concerning the 
preparation this manuscript. 
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Nucleotides Human Blood Platelets 


Baker Medical Research Institute and Alfred Hospital Clinical Research Unit, Melbourne, Australia 


(Received February 1956) 


Blood platelets take part several reactions 
connected with haemostasis, and haemorrhagic 
conditions have been recognized which platelet 
abnormalities appear the cause the dis- 
turbance. The diagnosis the defect supported 
examination platelets and labora- 
tory tests designed determine platelet activity 
haemostatic reactions. During study the latter, 


was found necessary obtain information about 
purine and pyrimidine derivatives 
There considerable uncertainty the literature 
concerning the presence nucleic acids and their 
breakdown products blood platelets. The earlier 
literature has been reviewed Maupin (1954). 
Platelets are believed contain ribonucleic acid 
(RNA) Tinacci Cessi (1952) the basis 
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microscopic staining reactions, whereas Maupin 
(1953) finds evidence the contrary. Judging 
from chemical analysis, Wagner (1946) found that 
human platelets contain RNA, and Greene (1954) 
reported the isolation ribonucleoprotein from 
platelets and stated major nitrogenous 
constituent. the other hand, Maupin, Schneebeli 
Ardry (1954) detected only traces RNA 
platelets. Results investigation concerning 
the purine and pyrimidine content human-blood 
platelets carried out this laboratory are presented 
below.* 


EXPERIMENTAL 


Isolation platelets. Platelets were separated from the 
blood persons who, clinical evidence, were thought not 
suffering from any platelet abnormality. Blood was 
taken from arm vein through 1-4 mm. bore needle. The 
first ml. was discarded. The collecting vessels contained 
either trisodium citrate solution solution 
0-027 disodium ethylenediaminetetraacetate (EDTA) and 
according Dillard, Brecher Cronkite 
(1951). One volume anticoagulant solution was mixed 
with blood. Approximately 400 ml. blood was 
taken from each person. Platelet-rich plasma was obtained 
centrifuging the blood for min. 200g (at the 
bottom the tube), followed min. 900 remove 
erythrocytes and leucocytes completely possible the 
plasma was pipetted off and centrifuged again the above 
manner. The platelet-containing plasma was then centri- 
fuged for min. The supernatant plasma was 
discarded. The sediment was resuspended solution 
EDTA Dispersion the platelets was 
usually far easier the latter solution. The platelet sus- 
pension was centrifuged for min. 2000g and this 
process was repeated. Two more washings followed, with 
Plasma proteins and anticoagulants were thus 
removed. Finally the platelets were suspended ml. 
The above operations were carried out 5°. 
The concentration the suspension was estimated after 
appropriate dilution with counting the 
platelets haemocytometer. Erythrocytes and leuco- 
cytes platelet preparations were estimated techniques 
given Whitby Britton (1953). The yield platelets was 


Analytical procedures 
Total nitrogen was determined micro-Kjeldahl 
technique (Miller Houghton, 1945). Protein was deter- 
mined biuret technique (Robinson Hogden, 1940). 
However, platelets did not give clear solution NaOH 
After the completion this paper the following 
additional information became available. According 


Bestetti Crosti (1955), large amounts adenosine tri- 
phosphate (ATP) are present platelets. Small, Campbell 
Dameshek (1956) separated ATP and adenosine diphos- 
phate (ADP) from human platelets. Born (1956) reports 
that human platelets contain umole ATP/g. moist 
wt. the assumption 10!° platelets/g. moist wt. our 
results correspond ATP/g. moist wt. 
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and the turbidity could not removed the usual pro- 
cedures without interference with the biuret colour. There- 
fore was necessary deduct the light-absorption 
platelet solution from that after development the biuret 
colour. Tyrosine and tryptophan were determined the 
ultraviolet-absorption technique Goodwin Morton 
(1946). 

The separation protein from water-soluble material 
was carried out the procedure Sevag, Lackman 
Smolens (1938). mixture vol. chloroform and vol. 
redistilled commercial sec.-octanol was used. The removal 
protein was complete after six extractions. 

The extraction nucleic acids was carried out the 
procedure Schneider (1945). After removal trichloro- 
acetic acid exhaustive extraction with peroxide-free 
diethyl ether, ultraviolet absorption was measured 
260 mu., and the concentration nucleic acid was 
lated the assumption extinction coefficient 
7000 for one nucleotide unit 340 

Phosphorus was determined the method Berenblum 
Chain (1938). Ribose was determined the method 
Militzer (1946). Deoxyribose was determined the method 
Stumpf (1947). 

Paper chromatography nucleotides was performed 
with (w/v) aqueous KH,PO, and according 
Carter (1950). The technique Eggleston Hems (1952) 
was also used. 

Ionophoresis was carried out technique similar 
that Davidson Smellie (1952). Strips Whatman 
no. paper, were used and potential 
gradient was applied for hr. temperature 

The nucleotides were hydrolysed with N-HCi according 
Smith Markham (1950) and chromatographed with 65% 
(v/v) with respect HCl (Wyatt, 
1951). Whatman no. paper was washed with the solvent 
used for chromatography, then with water, and dried 
room temperature. Developed chromatograms were dried 
draught air room temperature, and were photo- 
graphed reflex document paper exposure 
Chromatolite ultraviolet lamp (Hanovia, Slough, England) 
technique similar that Markham Smith (1949). 

Countercurrent distribution adenine and guanine was 
carried out according the method Tinker Brown 
(1948), except that the lower phase was transferred instead 
the upper phase. 

Adenosine triphosphate (ATP) was determined the 
technique Kornberg (1950) and adenosine diphosphate 
(ADP) the technique Slater (1953). 

Leucocytes were isolated from blood according the 
procedure Dausset, Nenna Brecy (1954). 

Optical-density measurements were made with Hilger 
Uvispek spectrophotometer with 0-5 cells. Extinction 
coefficients purine and pyrimidine derivatives were taken 
from Beaven, Holiday Johnson (1955). Most the 
analytical reagents were British Drug Houses Ltd. pre- 
parations. 

RESULTS 
The total nitrogen content human-platelet pre- 
parations given Table 

appears from the figures given Table that 
platelets separated from plasma have practically the 
same nitrogen content whether citrate EDTA has 


Vol. 


been used anticoagulant. Erickson, Williams, 
Avrin Lee (1939) found that platelets prepared 
with sodium metaphosphate have higher nitrogen 
content than those prepared with sodium citrate. 

Maupin (1953) found 0-31 mg. nitrogen 10° 
human platelets separated from citrated blood. 

The ultraviolet-absorption spectrum human 
platelets dissolved gave indica- 
tion the presence any known tissue component. 
the other hand, quantitative biuret reaction 
carried out alkaline platelet extracts gives the 
results shown Table From the results given 
Table apparent that 83-92% the total 
nitrogen platelets present protein. Erickson 
al. (1939) and Maupin (1953) obtained similar 
results other techniques. 

The quantitative protein determinations the 
various workers are agreement. therefore 


remarkable that the ultraviolet-absorption curve 
platelet extracts did not indicate the presence 


protein. Obviously the characteristic absorption 
curve protein was masked other ultraviolet- 
absorbing components. obtain information 
about these components platelet protein was iso- 
lated from platelet preparation con- 
taining platelets, 10? erythrocytes and 
10? leucocytes/mm.*, the process Sevag 
al. (1938). The separating gels from the extrac- 
tions were combined, treated with absolute ethanol 
and dried over vacuo 100°. This material 
contained 15-7 
amount corresponding approximately 
the total platelet nitrogen. The biuret and ultra- 
violet-absorption curves indicated that the material 
was protein containing 4-4 tyrosine and 1-7 
tryptophan. 


nitrogen and was recovered 
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The aqueous solution remaining from the ex- 
haustive treatment platelets with chloroform— 
octanol had the ultraviolet-absorption spectrum 
shown Fig. 

The curves shown Fig. are characteristic 
purine and pyrimidine derivatives. After dialysis 
the aqueous layer against the 
ultraviolet-absorbing material disappeared. From 
the results far obtained would seem that 
platelets contain protein and purine and pyrimidine 
derivatives. 


> 
c 
Vv 
wv 

0-2 

220 240 260 280 

Wavelength 
Fig. Ultraviolet-absorption curves aqueous layer 


from extraction platelet suspension with 
octanol. Suspension (11 ml.) contained, per 
4-8 platelets, 3x10? erythrocytes and 
leucocytes. The final aqueous layer was diluted 13-3 


Table Total nitrogen content isolated human blood platelets 


Composition 


suspension 


Platelets platelets 
Anticoagulant (millions) Erythrocytes Leucocytes (mg.) 
Citrate 400 700 0-39 
100 900 
EDTA 200 500 0-40 
2 . 700 550 0-45 
300 600 0-37 
550 500 0-37 


Table Quantitative biuret reaction human platelets anticoagulant) 


Platelets 
(millions) 


Suspension 
Suspension 


300 
300 


Erythrocytes 


Composition 


Suspension containing 
10° platelets 


Protein Total 


Leucocytes (mg.) (mg.) 
550 0-34 0-41 
600 
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Nucleic acids and nucleotides platelets 


Nucleic acids were determined ultraviolet 
containing (per 2-5 10® platelets, 10? 
erythrocytes and 10? leucocytes; 
nucleic acids was calculated present. 

The water-soluble non-protein fraction the 
platelets was obtained most experiments the 
following procedure. platelet suspension, soon 
after preparation, was centrifuged, the supernatant 
discarded and the sediment frozen and thawed with 
cold water. equal volume ice-cold (w/v) 
trichloroacetic acid was added, the cold mixture 
stirred, then centrifuged 2°. the clear super- 
natant solution determinations total inorganic 
liberated hydrolysis with acid 100° for 
min., ribose and deoxyribose were made. After 
exhaustive extraction trichloroacetic acid from 
the solution with peroxide-free diethyl ether the 
ultraviolet absorption was measured. Table 
are presented the results the above détermina- 
tions. 

The results Table indicate that extracts 
platelets trichloroacetic acid contain the 
average (per 10° 0-066 inorganic 
0-19 easily hydrolysable min. P), 
and ribose. From the ultraviolet 
absorption calculated that platelets contain 
the average 0-16 purine and pyrimidine 
derivatives, taking the molecular extinction co- 
efficient platelet substance soluble cold 
trichloroacetic acid 000 260 0-1N- 
HCl. The average total was 0-57 
platelets. From the results given later (Table 
calculated that the nucleotides contain only 

For comparative purposes erythrocytes well 
leucocytes were isolated from human blood and 
extracted with cold trichloroacetic acid 
similar manner the extraction platelets. From 
the ultraviolet absorption the extracts the 
material with absorption peak the region 
260 was ATP. Thus one erythro- 
cyte contained and one leuco- 
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The extracts after removal trichloroacetic acid 
were reduced small volume evaporation 
room temperature over solid KOH under reduced 
pressure, and hydrolysed with 100° for 
hr. Chromatography was carried out according 
Wyatt (1951). Photographs the chromatograms 
are represented schematically Fig. which the 
circles indicate the relative positions the com- 
pounds the chromatogram. 

The circles have been drawn that the areas are 
proportional the number moles the corre- 
sponding compound found elution 
violet absorption each spot. For the characteriza- 
tion each compound twenty more strips were 
chromatographed and the spots corresponding 
each compound combined and eluted with 
HCl. From the ultraviolet spectrum the eluates 


Solvent 
front 


Fig. Diagram paper chromatogram trichloro- 
acetic acid extract platelets hydrolysed with and 
run propan-2-ol-aq. Platelet suspension 
used contained, per mm.*: platelets, 10° 
erythrocytes and 3-5 leucocytes. 


ribose, deoxyribose and ultraviolet-absorbing material cold trichloroacetic acid (T'CA) 


eatracts platelets 


Composition 


from 10° platelets 


TCA 
from 10° TCA extract 
from 10° 


Ribose TCA 


extract from 


Platelets Erythro- Leuco- 10° platelets platelets 

(millions) cytes cytes Inorg. min. platelets/ml. 
2-8 250 150 0-052 0-152 0-235 
2-2 400 450 0-066 0-229 0-249 —- 2-44 
1-8 500 450 0-055 0-203 0-217 — 2-15 
1-8 400 250 0-091 0-174 0-249 2-21 


Starting 
line 
Spot 
Spot 
Re =038 
Spot 
Spot 
=075 
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appears that the compound spot guanine and 
the compound present spot adenine. Spots 
and were further characterized countercurrent 
distribution according Tinker Brown (1948). 
Results for spot are given Fig. 

can seen from Fig. the maximum concen- 
tration the main component spot (Fig. 
occurs tube 13, which the same that calcu- 
lated for guanine. However, there are impurities 
present. The one causing shoulder the curve 
tube was present too low concentration for 
further characterization. The other impurity was 
probably extracted from the filter paper. 


Vol. 
each the four spots and from the values 


= 


Tube no. 


Fig. Countercurrent distribution material spots 
(Fig. pooled from twenty strips, dissolved 0-6 ml. 
which was added 5-4 ml. phosphate 
buffer, 6-5, saturated with n-butanol, temp. 
(a) Curve from spots caleulated curve for 
0-565 pmole guanine, partition coefficient =0-45 (A). 


Tube no. 


E 260 mu 


Fig. Countercurrent distribution material spots 
(Fig. pooled from twenty strips, dissolved 0-6 ml. 
buffer, 6-5, saturated with n-butanol, temp. 
(a) Curve from spots (6) curve for 
adenine, Ltd. (A). 
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The result the countercurrent distribution 
the material spot shown Fig. 

From Fig. apparent that the maximum 
concentration the substance spot (Fig. 
occurred tube did authentic adenine. 

The substance spot (Fig. acid 
0-54, maximum ultraviolet absorption 
Found: 2-8 cale. 4-1 P). Substance 
spot (Fig. uridylic acid (R, 0-75, maximum 

Resolution the platelet extract into the indi- 
vidual components was attempted chromato- 
graphy according Carter (1950) and Eggleston 
Hems (1952), and ionophoresis according 
Davidson Smellie (1952). 

The result chromatography (w/v) 
aqueous KH,PO, saturated with 
shown Fig. 

Comparison the position the platelet extract 
the chromatogram with the positions the 
known compounds used and with the values 
given Carter (1950) indicates the absence free 


purines, pyrimidines and adenosine, 
possible presence adenosine polyphosphates. 
Results obtained ionophoresis are given Fig. 
Solvent 
front 
Platelet 
extract 
Muscle 
adenylic 
acid 
Adenine 
Starting 
line 


Fig. Diagram paper chromatogram cold tri- 


chloroacetic acid extract platelets run aq. 
Platelet suspension used con- 
tained, per 1-4 platelets, 10? erythrocytes 
and leucocytes. 
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Results Fig. show that least four bands 
ultraviolet-absorbing material could beseparated 
ionophoresis 3-5. The bands were cut out, 
eluted with water, the solutions evaporated and the 
residue was hydrolysed with 100° for hr. 
and chromatographed according Wyatt (1951). 
Band Fig. had mobility varying from 0-31 
contained adenine and 
adenine uridylic acid. ADP used marker 
had mobility 0-34 em.? The mobility 
uridylic acid was Smith (1955) 
observed that uridylic acid had the same mobility 
adenine uracil dinucleotide 3-5. The mobility 
indicates that band contained mainly ADP, but 
undecided which form uridylic acid was present. 
Band had mobility varying from 0-40 
0-44 with average 0-41 cm.? 
Hydrolysates contained adenine, guanine 
and uridylic acid molar ratio 11:7:4. 
Judging from the mobility, band may contain 
several di- tri-nucleotides. Band had mobility 


Starting Marker 
line strip 
| 
AMP 
+ 
Fig. Diagram paper ionophoresis trichloroacetic 


acid extract platelets. citrate buffer, 
Shr. Suspension used contained, 
10? leucocytes. 
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tained adenine, and some cytidylic acid 
The mobility ATP marker was 0-48 
The concentration adenine this band 
much higher than that band the other 
hand, specific tests for ATP and ADP platelet 
extracts (Table indicated higher concentration 
the latter than the former. The material may 
therefore contain some ATP but the constitution 
the bulk adenine derivatives this band remains 
unknown. Band had mobility varying from 
0-47 contained ade- 
nine, guanine and uridylic acid, the approximate 
molar proportion The mobility suggests 
that band may contain ATP and number di- 
and tri-nucleotides and guaninosine diphosphate. 
addition, some platelet extracts faint band 
(A, Fig. with mobility 0-14 was 
detectable. The hydrolysate contained adenine and 
cytidylic acid molar ratio 3:2. Adenosine 
5’-phosphate (AMP) marker had mobility 
Judged from the mobility, 
band could therefore contain AMP and cytidylic 
acid dinucleotides containing these components. 

The concentration ATP and ADP deter- 
mined the techniques Kornberg (1950) anc 
Slater (1953) respectively, together with the total 
purine and pyrimidine content platelets, are 
given Table 


DISCUSSION 


Concerning the composition platelets, the purity 
the preparation has considered. Even with 
sacrifice yield difficult obtain platelet 
preparation free blood cells. Therefore com- 
parison between the dimensions platelets and 
blood cells essential. The average volume one 
erythrocyte that one leucocyte approxi- 
mately 1000 calculated from the diameters given 
Whitby Britton (1953), and that one platelet 
according Tocantins (1938). Expressed 
volumes, one erythrocyte corresponds eight 
platelets and one leucocyte approximately 
ninety platelets. One our most contaminated 
preparations consisted platelets, 
7x10? erythrocytes and leucocytes per 


Table 


Composition 


ATP, ADP, total purine and pyrimidine content human blood platelets 


platelets 


Platelets Total Total Total 

(millions) guanine adenine pyrimidine ATP ADP 
2-5 500 350 0-016 0-013 
4-2 500 300 0-02 0-051 
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ate 
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Vol. 


the blood cells that preparation 
platelets. the assumption equal distribution 
the compounds present blood cells and platelets 
the error introduced the contaminating blood 
cells approximately 

Normal human blood contains 
ATP/ml. according Steyn-Parvé (1953). Assum- 
extracts normal human erythrocytes find 
the higher figure, ml. the above platelet pre- 
paration contains 2-1 ATP im- 
purity present the erythrocytes and 
mole ATP present the leucocytes. The optical 
density the purine and pyrimidine 
bases the erythrocytes and leucocytes soluble 
cold trichloroacetic acid present the above 
platelet suspension approximately 0-087. How- 
ever, the platelet suspension gave optical density 
5-5. From these calculations apparent that 
the error introduced the contaminating blood 
cells cannot greater than 1-6 

One other point must considered this con- 
nexion and that the fact that platelets have the 
ability adsorb substances from the surrounding 
fluid. For instance, adrenaline and noradrenaline 
Bone, 1954), and 5-hydroxy- 
tryptamine (Hardisty Stacey, 1955), can 
adsorbed human piatelets. Since cell-free plasma 
free nucleotides the nucleotides found can 
considered components platelets. 

The nucleic acid content isolated human 
platelets determined this paper was approxi- 
mately 2-8 nucleic acid/platelet. This 
volume basis approximately forty times less 
than that found per leucocyte Davidson, Leslie 
White (1951). The nucleic acid nitrogen platelets 
approximately the total platelet nitro- 
gen. therefore obvious that nucleic acids are 
only present minor constituent human-blood 
platelets. the other hand, platelets contain 
purine and pyrimidine derivatives. Their nitrogen 
content the total platelet nitrogen. 
The evidence that these not 
nucleic acids but rather nucleotides given the 
fact that the bulk material showing the character- 
istic ultraviolet-absorption spectrum purine and 
pyrimidine derivatives extractable from freshly 
prepared platelets cold trichloroacetic acid and 
dialysable. According behaviour 
and specific reactions the nucleotides consist 
polyribonucleotides. 

Sufficient evidence available indicate that 
Wright’s view (1910) that blood platelets are 
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derived from megakaryocytes the bone marrow 
correct (Humphrey, 1955). The deoxyribose con- 
centration found platelets for practical 
purposes negligible. This excludes their nuclear 
derivation. They therefore originate from the 
cytoplasm megakaryocytes and the light 
this remarkable that there preponderance 
adenine over the other bases. The significance the 
nucleotides the platelets not apparent. The 
presence ATP and ADP suggests connexion 
with energy metabolism. However, Tullis (1953) 
found that isolated platelets have very low 
oxygen consumption, approximately one-hundredth 
that leucocytes. has been found Libber 
(1955) that ATP inhibits blood clotting. 
Further has been suggested, analogy muscle 
contraction, that ATP essential for the contrac- 
tion fibrin gel (Budtz-Olsen, However, 
platelets accelerate blood clotting and although 
they are essential for the contraction fibrin gel 
their ATP content far too low significance 
these processes. Perhaps the release platelets 
from the megakaryocytes process which 
requires the energy liberated from ATP. 


SUMMARY 


Platelets were isolated from normal human 
blood and the following constituents were found 
the approximate concentrations given 
centage total nitrogen: (a) protein; 
adenosine diphosphate plus 
phate; (d) adenine, guanine, cytosine and 


uracil, ribose phosphates undetermined 
combination. 
Traces deoxyribose were detected 


human blood platelets. 
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Movements Water and Ions Mitochondria 


Medical Research Council Unit for Research Cell Metabolism, University Sheffield 
and University Oxford 


(Received March 1956) 


The osmotic environment can affect the metabolic 
activity mitochondria (Kielley Kielley, 1951; 
Potter 1951; 19536; 
Lehninger Kennedy, 1948). Harman Feigelson 
concluded from visual comparisons that 
the morphological state swelling not only in- 
fluenced, but was turn influenced by, the rates 
oxidation and oxidative phosphorylation. Another 
relation, that oxidative phosphorylation isolated 
mitochondria can coupled active transport, 
was shown Bartley Davies (1952, 1954) and 
Macfarlane Spencer (1953), who also found that 
these particles maintained low water content 
the presence but not the absence adenosine 
phosphate. 

This paper describes experiments the nature 
the water and ion movements respiring rat-liver 
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mitochondria (Macfarlane Spencer, 1953). One 
finding the present study, the extrusion water 
mitochondria distinct from the maintenance 
the initial water content, has been obtained 
Chappell Perry (1954) with non-respiring sus- 
pensions sarcosomes under conditions widely 
different from ours. Part this work has been com- 
municated the Biochemical Society (Price 
1954). 


EXPERIMENTAL 


Abbreviations. These are follows: adenosine mono- 
phosphate, AMP; adenosine diphosphate, ADP; adenosine 
triphosphate, ATP; aminotrishydroxymethylmethane, tris; 
2:4-dinitrophenol, DNP; diphosphopyridine nucleotide, 
ethylenediaminetetraacetic acid, EDTA. 

Preparation mitochondria and sarcosomes. Albino rats 
were made unconscious stunning and then their throats 
were cut. The livers were removed, cooled for several 
minutes partially frozen sucrose partially frozen 
0-9% KCl, weighed and passed through Fischer mincer 
(Broyeur Fischer Main; Jouan, Paris) and then 
Craigie pressure mincer with finely corrugated plug 
(Craigie, 1949). The homogenate formed was suspended 
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vol. sucrose and centrifuged International 
Centrifuge Model PR-1 for min. 
The supernatant was collected and centrifuged for min. 
20000 The sediment from the high-speed centrifuging 
included both mitochondria and major part the 
layer’ (Schneider Hogeboom, 1951). This fraction was 
either used directly washed ml. 0-25M sucrose/g. 
wet wt. original tissue, centrifuged again for min. 
20000 and the sediment resuspended approx. ml. 
sucrose/g. wet wt. original tissue. The washed 
mitochondria were macroscopically free from the ‘fluffy 


layer’. 

The method preparation sarcosomes from pigeon- 
breast muscle was similar that Slater 
Cleland (1953): the excised muscle was quickly cut into 
small pieces and placed mixture sucrose and 
EDTA (adjusted 7-4 with NaOH); the chilled 
tissue was then passed through ice-cold Latapie mincer, 
mixed with sufficient make 10% (w/v) 
suspension and ground for sec. homogenizer the 
type with nylon pestle. The suspension 
was then centrifuged for min. and the resulting 
supernatant spun 3000 for min. The sediment from 
this centrifuging was taken approx. ml. the sucrose— 
EDTA mixture/g. wet wt. original muscle, transferred 
the high-speed head the International Refrigerated 
Centrifuge, spun 10000 for min., and resuspended 
the desired volume. 

Incubation media. Unless otherwise indicated, the 
standard medium for respiring particles was similar that 
employed Macfarlane Spencer (1953): substrate 
(usually succinie acid neutralized with NaOH); 
potassium phosphate buffer, 
tris buffer adjusted 7-4 with HCl; 0-083m 
sucrose (contributed from the added mitochondria) and, 
where indicated, AMP ATP. Mitochondria were 
present final concentration between and mg. dry 
wt./ml. final volume ml. the standard procedure 
the suspensions were shaken 35° Dubnoff Metabolic 
Shaking Co., Chicago, U.S.A.). 
The gas phase was air. 

The medium for the non-respiring system was similar 
that Cleland (1952), namely tris buffer 
EDTA (contributed from the added sarcosomes) and, where 
indicated, ATP. Sarcosomes were present final 
concentration about 0-5 mg. dry wt./ml. The final volume 
varied, but samples ml. were required for determina- 
tions involving centrifuging. the non-respiring system 
the suspensions were not shaken but allowed stand 
flasks. 

Estimation water content. (a) method. The 
suspensions the Dubnoff vessels were drained into tared 
glass centrifuge tubes and spun the high-speed head 
International Centrifuge room temperature (20°). The 
centrifuge was accelerated maximum velocity equivalent 
indicated, and stopped within further min. The super- 
natants were decanted and the interiors the tubes blotted 
with filter-paper strips. prevent evaporation small 
sheet Parafilm (Marathon Corp., Menasha, Wis.) was 
pressed over the centrifuge tubes until their wet weights had 
been determined. After drying overnight 105°, the tubes 
plus mitochondria were reweighed. comparison the two 
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determinations and the known tare weights the centrifuge 
tubes provided wet weight, percentage dry 
weight the mitochondrial sediment, etc. 

(6) Optical method. The method Cleland (1952) was 
found offer rapid and essentially continuous estimation 
mitochondrial water. consists simply measuring the 
optical density the suspension, but very dilute sus- 
pension (approx. 0-3 mg. dry wt./ml.) required for optical 
densities low enough significant. our studies several 
variations the basic principle were employed for measure- 
ments suspensions sufficiently dense for simultaneous 
determination respiration, water content and ion content. 
The following were advantageous modifications: samples 
from suspension (5-15 mg. dry wt./ml.) were removed 
serially from the incubating vessels Pasteur pipette 
calibrated 0-3 ml., and placed thin cuvettes mm. 
light path; Unicam Instruments Ltd., Cambridge). Within 
sec. the optical density was determined 950 the 
sample was then withdrawn with the same pipette and dis- 
carded. decrease the light-scattering and hence optical 
density corresponded swelling due the entrance 
water. 

Since different preparations showed different lag times 
before the onset swelling, the optical method was 
particularly useful guide for the removal samples for 
centrifuging the gravimetric method. 

Estimation sodium and potassium. amount 
equal the original wet weight mitochondria was added 
the dried mitochondria the glass centrifuge tubes 
obtained the course estimation water content. The 
samples were digested either for hr. room temperature 
for min. 100 
Two ml. samples were then diluted ml. with KCl and 
NaCl respectively, that the final concentration was 
0-0382 (w/v) for estimations and the final concen- 
tration NaCl was (w/v) for estimations 
(Whittam Davies, 1953). The supernatant samples were 
treated parallel manner, except that digestion was 
required. The two cations were then estimated flame 
photometry. 

Phosphate analyses. The general method phosphate 
analysis was that Krebs Hems (1953). Where measure- 
ments were required the unfractionated incubation 
mixtures, the procedure was follows: 0-5 ml. samples were 
removed various times and simultaneously chilled 
cracked ice and stirred with 0-05 ml. trichloroacetic 
acid. 

Where separate measurements were required the 
isolated mitochondria, ml. samples (the entire contents 
Dubnoff vessel) were centrifuged high speed, described 
for the gravimetric method estimating water content. 
Immediately after the rotor had stopped, the supernatant 
was poured into another centrifuge tube and deproteinized 
the addition 0-25 ml. 50% acid. 
Simultaneously 0-5 ml. trichloroacetic acid was stirred 
vigorously into the mitochondrial sediment. the same 
time, the glass centrifuge tubes were cooled ice. 

After the protein the several fractions had been 
denatured, the extracts were clarified centrifuging and 
samples the trichloroacetic acid extracts spotted 
paper chromatograms which were developed and analysed 
for phosphate compounds the methods Krebs Hems 
(1953). 


made mn to with water 
and made up to 10 ml. with water. 
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RESULTS 


Correlation methods. primary problem was 
correlate the three methods that have been used 
measure swelling. Visual observation mito- 
chondria under phase-contrast microscope 
specific, but only qualitative (Harman Feigelson, 
1952a; Watanabe Williams, 1953; Cleland 
Slater, 1953). was employed the present study 
check the validity other methods. High- 
speed centrifuging followed wet- and dry-weight 
determinations the most direct method. The 
optical method for measuring swelling (Cleland, 
1952) but quantitative information 
was available indicate the relation between 
changes optical density and swelling mito- 
chondria. This relation was investigated the 
following way. 

Samples ml.) incubation mixture con- 
taining washed rat-liver mitochondria were placed 
Dubnoff vessels, half which contained 
ATP, and shaking was begun. Samples were 
removed from one pair regular intervals for 
determination optical density; the remaining 
pairs were centrifuged min. intervals. the 
absence ATP both optical density and percentage 
dry weight fell within min. interval low 
level. The presence ATP stabilized both the 
high optical density and the percentage dry weight 
(Fig. 1). was found that optical-density changes 
reflected changes mitochondrial water, except 
one detail; mitochondria frequently lost 10% 
their dry weight the solution during the initial 
minutes incubation (not shown Fig. 
regardless whether adenosine phosphates were 
present not. these circumstances the optical 
density fell without the occurrence corresponding 
changes the water content the mitochondria. 

The decrease optical density, presumably 
caused swelling, sarcosome suspension under 
rather different conditions was ascribed Cleland 
(1952) the entry ions. The rate change 
optical density was, fact, taken measure 
the permeability the particles various ions. 
Measurements the potassium and sodium contents 
the mitochondria isolated centrifuging are 
recorded Fig. was found invariably that 
the concentration these cations was less the 
swollen particles than those with lower water 
content. The potassium concentration tended fall 
during swelling, although the presence ATP 
the initially high potassium level was maintained. 
Similarly, the gradient ions greater the 
presence ATP. both cases the movement was 
opposite that postulated Cleland the cause 
swelling. However, Tables and show that 
under some conditions sodium and potassium can 
enter mitochondria during swelling. 


1956 

With sarcosomes from pigeon-breast muscle 
system corresponding more precisely that 
employed Cleland (1952; cf. Chappell Perry, 
1954), fall optical density was again associated 
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Fig. Course swelling rat-liver mitochondria esti- 
mated optical and gravimetric methods, with con- 
current cation changes similar samples. All samples 
contain about mg. dry wt. washed mitochondria 
the standard stock solution including succinate; 
shows the extinction 950 the suspension 
cuvettes mm. light path; percentage dry wt., 
determined gravimetrically; potassium gradients; 
sodium gradients. 
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with increase water content (Fig. b). This 
system differed from the one above several 
respects most important was that substrate was 
added and there was shaking. The direction 
the changes the potassium gradients this 
system were similar those the respiring mito- 
chondria, but the magnitudes were much lower and 
the absence ATP the potassium concentration 
the sarcosomes was nearly equilibrium with the 
external solution throughout the course swelling. 

Thus two types particle systems, differing 
markedly composition, dilution 
logical state, the optical density changes associated 


Es4o mp. 


Percentage dry wt. 


gradient 
[K*] sarcosome water 
[K*] supernatant 


1: 
Time (min.) 

Fig. Course swelling non-respiring sarcosomes 
pigeon-breast muscle, and reversal ATP. Sarcosomes 
present about 0-5mg. dry wt./ml. suspension 
medium, which consisted tris buffer 
(pH 7-4) and traces sucrose and EDTA contributed 
from the sarcosome stock suspensions; allowed stand 
540 cuvettes mm. light path; percentage 
dry wt. determined gravimetrically; potassium 
gradient. 


MOVEMENTS WATER AND IONS MITOCHONDRIA 


757 


with swelling parallel changes water content 
rather than salt concentration. 

Conditions for maintenance low water content. 
Macfarlane Spencer’s (1953) system for the 
maintenance low water content consisted 
unwashed rat-liver mitochondria oxidizing glu- 
tamate and fortified with phosphate, magnesium 
and cytochrome was shaken 28° and was 
specifically dependent upon the addition AMP. 
Experiments were conducted determine more 
detail the factors required for water maintenance 
this system. 

consistent differences were found between 
mitochondria from recently fed and from fasting 
rats and the following factors were found have 
only small effects: washing the mitochondria once 
twice sucrose; varying the temperature from 20° 
40°; dilution the mitochondria from 
dry wt./ml.; substitution succinate for 
glutamate; substitution ATP for AMP and 
omission cytochrome (cf. Fonnesu Davies, 
1956). 

Magnesium ions, however, had strong influence 
the rate swelling. They were included most 
systems concentration and were found 
decrease the water content samples with and 
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Fig. Effect inorganic phosphate the swelling 
rat-liver mitochondria. Swelling was estimated the 
optical method, extinction 950 suspension 
mm. cuvettes; washed mitochondria were suspended 
standard stock solution including succinate 
shaken air 35°; solid symbols (@, indicate 
AMP present; open symbols (O, AMP; 
inorganic phosphate; and added inorganic 
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without AMP but were most effective the presence 
AMP. They were effective 0-001 and 
but much more (Tables and 6). 
Inorganic phosphate (0-01 and had 
opposite effect and normally increased the rate 
entry water the absence AMP (Fig. 3). 
Similarly, bovine-plasma albumin mg./ml.) in- 
creased the rate entry water. 

Aeration also influenced swelling. When the 
suspensions were allowed stand open Dubnoff 
vessels, that oxygen could enter diffusion only, 
swelling was delayed the absence ATP 
(Fig. 4). 

seems unlikely that differences the rate 
oxygen uptake the presence and absence AMP 
can account for differences dry weight. The 
respiration washed mitochondria, which showed 
greater differences water content than unwashed 
mitochondria, may greater the absence 
AMP with succinate substrate (Fig. 5), but with 
glutamate substrate the oxygen uptake was 
greater the presence AMP. Neither with 
succinate nor glutamate did the rate oxygen 
uptake fall zero before min. Macfarlane 
Spencer, 1953) although swelling the absence 
AMP usually occurred during the first min. 
incubation. The concentration magnesium the 


= 
Time 
Fig. Effect aeration the rate swelling rat-liver 


mitochondria 35°; estimated optical method; 
washed mitochondria were suspended standard stock 
solution including succinate; and suspen- 
sions shaken open Dubnoff vessels; and sus- 
pensions not shaken and oxygenation diffusion only; 
solid symbols and ATP added; open symbols 
and A), additions. 


1956 
present experiments was rather than 
used Macfarlane Spencer (1953). 

preliminary work tris buffer (0-03 was found 
advantageous maintaining the water 
content mitochondria and was used most 
experiments. 

Reversal swelling. Although Macfarlane 
Spencer (1953) had shown that AMP prevents the 
swelling respiring mitochondria, was not known 
the swelling process was reversible. investigate 
this, mitochondrial suspension was incu- 
bated Dubnoff vessels under conditions closely 
approximating those Macfarlane Spencer. 
After swelling had proceeded for min., AMP was 
added and the resulting changes in_ water content 
were determined the gravimetric method 
(Table 1). There were two sets vessels correspond- 
ing two levels mm) magnesium. the 
lower level, net reversal was detected although 
the addition AMP appeared reduce further 
swelling. the higher level there was transitory 
and incomplete reversal. ions con- 
centration, there was marked difference between 
AMP and ATP (Table but ions 
concentration nearly complete reversal 
tained some but not all occasions upon the 
addition ATP (Fig. 6). 


Percentage dry wt. 


Time 

Fig. Effects succinate, glutamate, and AMP the 
rates oxygen uptake washed mitochondria 
standard stock solution, relative rates swelling; 
solid symbols and AMP; open symbols 
and AMP added. 
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EDTA has been widely reported stabilize 
particle preparations (Slater Cleland, 1953; 
Price Thimann, 1954) and the possibility that 
might promote the reversal swelling was therefore 
tested. Although 3mm EDTA completely pre- 
vented swelling the presence absence ATP, 
its effect reversal was inhibitory (Fig. 6). 
slower rate swelling was noted upon the addition 
EDTA (Fig. 6), but subsequent reversal 
swelling addition ATP was not promoted 
(not shown Fig. 6). 

With the system muscle sarco- 
somes, swelling was reversed regularly upon the 
addition ATP (Chappell Perry, 1954, and 
Fig. 2). For the respiring liver mitochondria, 
essential factor was clearly indicated. Hunter 
Ford (1954) this time reported that with phos- 
phate-induced inactivation oxidative 
ation, DPN was This 
coenzyme was also found favour the reversal 


essential for recovery. 


and the effect delayed addition AMP 


Conditions incubation were similar those 
Macfarlane Spencer (1953); each sample contained about 
mg. dry wt. unwashed mitochondria from the liver 
fasted rat ml. medium containing sodium 
glutamate, potassium phosphate, and 
MgSO, two 
vessels 35°; AMP was added final concentration 
either initially after min.; mitochondria were 
collected high-speed centrifuging times indicated 
and percentage dry wt. was determined gravimetric 
method. 


Time Time 


addition collection Percentage dry wt. 


AMP mitochondria 
AMP 
17-5 
AMP 


Table Comparison AMP and ATP the reversal 
swelling low magnesium concentration 
Conditions Table except that MgSO, was 
throughout, and both AMP and ATP were where 
added. 


Time 
collection 


Time 


Percentage dry wt. 
addition 


adenosine mito- 
phosphate chondria adenosine 
(min.) (min.) ATP 
13-9 22-3 21-4 
12-4 12-9 13-0 
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swelling (Fig. 7). (Further parallels between the 
two processes are discussed below.) 

Dubnoff vessels containing ml. mitochondrial 
suspensions without added adenosine phosphates 
were shaken until swelling had commenced 
indicated the optical method. few minutes 


Percentage dry wt. 


Time (min.) 


Fig. Reversal swelling respiring mitochondria 
the addition ATP, and the inhibition swelling 
EDTA. Standard suspension mitochondria shaken with 
ATP; closed symbols and ATP; and 


Tip ATP 
+067 DPN 


Tip AMP 


DPN 

Tip ATP 

Tip AMP 

Tip AMP 
Tip ATP 


Time (min.) 


Fig. Effect DPN the reversal swelling ATP 
and AMP. Standard suspension mitochondria shaken 
with succinate air 35°; two sets vessels 
without ATP AMP; without DPN initially, and 
with 0-67 DPN; combinations AMP, ATP, and 
DPN added min. final concentrations indicated. 
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Table Cation gradients affected swelling and the reversal swelling 


Washed rat-liver mitochondria were suspended standard medium including succinate and shaken air 
35°. vessels initially without adenosine phosphates DPN, AMP, ATP and DPN were added final concentrations 
min. and the effect the state swelling was determined gravimetrically sediments obtained high-speed 
centrifuging subsequent times. Control values were (1) centrifuging mitochondria the original suspension 
sucrose) and (2) centrifuging mitochondria vessels which AMP was present initially; after determination 
wet and dry weights, the sodium and potassium content the mitochondria was determined flame photometry 
(Methods) and compared with those the corresponding supernatant media. 


Potassium content Sodium content 
m-moles/ m-moles/ 
mitochondria Additions Percentage (M)* kg. dry (M)* 
(min.) min. dry wt. wt. water [K+] wt. water 
(sucrose control) 29-6 113 47-6 24-4 10-3 11-9 
(AMP initially) 25-4 110 1-71 135 45-7 1-13 
(AMP initially) 25-4 107 36-4 1-66 146 49-8 1-25 
154 52-6 2-48 130 44-5 1-11 
19-0 100 23-4 1-12 188 44-0 1-10 
19-4 98-3 23-7 0-98 179 1-08 
AMP 15-6 116 21-4 1-0 176 32-6 0-83 
AMP 19-9 94-4 1-07 168 41-6 1-05 
ATP 20-7 93-5 24-6 1-14 206 54:3 1-17 
ATP 21-7 101 27-9 1-29 214 59-0 1-27 
DPN 16-7 113 22-4 1-03 211 1-06 
DPN 16-3 114 22-2 1-04 212 41-1 1-04 
21-5 96-3 26-4 1-2 197 1-16 
ATP 90-5 25-6 1-18 185 1-14 
M=mitochondria. S=supernatant. 


Table Effect DPN the course swelling and cation gradients upon delayed addition 


Conditions incubation were those the standard procedure (Methods): approx. mg. dry wt. washed mito- 
chondria from the liver fed rats, ml. medium, including succinate, were shaken Dubnoff vessels 35°; 
there were three sets vessels, none which initially contained ATP. set ATP was added indicated time, 
set DPN and set (initially containing DPN) ATP; percentage dry weight mitochondrial 
pellets collected high-speed centrifuging was determined gravimetrically; cation estimations were performed 


identical samples. 
Time supernatant Cation gradients 
Set (min.) dry wt. Nat SSt [K+] 
18-6 1-27 1-34 
Tip ATP 
19-9 1-28 1-32 
19-7 1-05 2-37 
50 21 55 19 1-21 1-28 
19-1 1-33 1-20 
70 17-8 dD 19 0-96 1-14 
19-5 1-13 1-12 
Tip 
20-0 17-5 1-35 
21-3 17-5 1-20 1-46 
19-8 1-25 1-44 
50 19-5 DD 17-5 1-19 1-46 
17-5 1-13 1-18 
21-2 18-5 1-43 
Tip 
24-5 17-5 1-0 1-59 
23-0 1-0 1-47 
21-5 1-0 1-47 
18-8 17-5 1-13 1-47 


Vol. 


later AMP and ATP were added with and without 
DPN. Analysis subsequent intervals showed that 
the largest decreases water content were obtained 
with ATP AMP plus DPN. The coenzyme alone, 
either initially upon delayed addition, however, 
affected the rate swelling only slightly (Fig. 
Tables and 4). 

Ton gradients reversible swelling. the course 
swelling, mitochondria lose large part their 
initially high concentration potassium and some- 
what lower concentration sodium (Fig. d). The 
question arises whether the original cation gradients 
are restored the reversal swelling. With the 
non-respiring sarcosome system recovery the 
potassium gradient was observed upon the addition 
ATP (Fig. 2c), but this case the initial gradient 
was already very low and the differences involved 
were 

Rat-liver mitochondria, when prepared sucrose, 
have high potassium content (Table 3). the 
presence the incubation medium the potassium 
gradients were initially high and remained high 
when AMP ATP was included. During swelling 
the mitochondria not only lost their potassium 
gradients but the absolute amount potassium 
decreased (Tables and 5). With more extensive 
swelling the gradients approached unity, but the 
potassium/kg. dry weight increased, indicating the 
net entry external ions addition water 
(Table 5). When sweiling the potassium 
gradients usually increased slightly but not nearly 
the initial level (Tables and 4). Although the 
differences were small, none the less evident that 
the combination ATP and DPN, which caused the 
greatest reversal swelling, was not superior (with 
respect potassium gradient) ATP alone 
(Table 3). Moreover, the peaks reversal the 
two quantities time did not coincide (Table 4). 

The same conclusions may drawn for sodium, 
save that the sodium content the freshly pre- 
pared mitochondria was low. The particles took 
ions from the incubation medium the extent 
positive gradient not exceeding The gradients 
were then lost and partially restored the same 
manner potassium. The small increases cation 
gradients coincident with the reversal swelling 
were equivalent (regardless the actual mech- 
anism) extrusion water. 

EDTA, which was shown above stabilize the 
water content did not maintain high 
ion gradients any comparable degree (Table 5). 
Although all the gradients this experiment were 
unusually low, clear that with 3mm EDTA both 
the sodium and potassium gradients fell toward the 
control level and there was synergistic effect 
ATP the maintenance recovery ion gradients. 

The interaction between phosphate and mag- 
nesium cation gradients was also investigated. 
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this particular experiment (Table 6), 
phosphate led decrease rather than the 
increase the extent swelling, but had sti 
effect the cation gradients. 

The high potassium gradients the lowest 
phosphate level are due the low concentration 
potassium the medium, since the mitochondria 
themselves retain large amount this cation. 

discrepancy was noted this point between the 
present findings and those Macfarlane Spencer 
(1953). They observed (their Table that the 
potassium and sodium contents mitochondria 
isolated after min. exposure the incubation 
medium containing AMP were low, only double 
the succeeding This establishment 
moderately high ion gradients with AMP 
greater importance physiologically than the main- 
tenance pre-existing gradients, but the closest 
attention detail the repetition these experi- 
ments failed duplicate the results. was 
thought particular that the long centrifuging 
time (20 min.) employed Macfarlane Spencer 
their final separation the particles for analysis 
might result loss pre-existing gradients, 
particularly after the early minutes the incuba- 
tion when ATP might limiting. 

comparison short and long centrifuging with 
equal acceleration-time integrals (cf. Duve 
Berthet, 1954) samples removec 
times incubation failed show any increase 
ion gradients, indeed any substantial difference 
between short and long centrifuging. Many 
experiments were conducted, one which 
reported here (Table 7). 

Gradients phosphate fractions during swelling. 
Mitochondria, freshly prepared sucrose, con- 
tained appreciable amounts inorganic phosphate. 
Upon exposure the incubation medium phos- 
phate was absorbed and positive gradient 
established (Fig. 8). the presence AMP, this 
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Fig. Effect AMP the course swelling and inor- 

ganic phosphate gradients. Standard suspension 
mitochondria shaken with succinate air 35°; 
and dry wt. and phosphate gradient respectively, 
with 2mm AMP present; and dry wt. and 
phosphate gradient respectively, without AMP. 
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Table Comparison short and long centrifuging the swelling washed rat-liver mitochondria 


Conditions were chosen duplicate closely the procedure Macfarlane Spencer (1953): 
potassium phosphate buffer, 7-4, AMP, sodium glutamate, etc.; long centrifuging: for min.; 
short centrifuging: 25000 for min.; the two force-time integrals were adjusted equal. 


Time incubation (min.) 


Centrifuging interval Short Long Short Long Short Long Short 
Percentage dry wt. 19-7 23-2 26-5 128 205 13-2 
His 
Na+ gradient 1-4 1-3 13 1-3 1-5 1-3 1-4 1-2 1-5 1-2 1-4 ] ]-2 1-2 
/kg. of mito- 38 37 38 24 37 26 44 27 38 22 35 23 38 23 


Table Effect AMP the content phosphate fractions during incubation 


Suspension washed mitochondria, prepared the standard procedure, was divided into two sets; one was analysed 
for phosphate (see Methods) and the other for water content, standard conditions incubation were used 


except that AMP where added. 
Time incubation (min.) 


+AMP 26-6 25-2 24-1 
Dry wt. 24-6 21-0 20-8 
28-1* 
m-moles P/kg. dry wt. AMP 15-2 12:3 
mitochondria 
23-5* 
+AMP 61-2 68-5 68-1 
> — 5-32 5-42 


Centrifuged sucrose without incubation. 
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gradient was maintained level about 
the absence AMP, fell within min. 
about 

The adenosine phosphates were similarly present 
the absence added AMP they fell rapidly 
level one-third that initially. Separation 
paper chromatography showed that most the 
adenosine phosphate was then AMP. After the 
first sec. trace adenosine phosphate could 
detected the extra-mitochondrial fluid. 

the presence AMP the initial adenosine 
phosphate was augmented and maintained 
high level. These compounds also appeared the 
supernatant fluid total concentration about 
one-half that the mitochondrial water. 

Swelling and phosphorylation. The 
requirement for AMP the prevention swelling 
led Macfarlane Spencer (1953) expect relation 
between swelling and oxidative ~phosphorylation. 
Also, Chappell Perry (1954) showed that the 
reversal swelling non-respiring sarcosomes (cf. 
Fig. could brought about the addition 
ATP the swollen particles. With the respiring 
liver mitochondria, however, the former authors 
found appreciable effect DNP the 
water content. The optical method showed that the 
particles the present experiments failed 
AMP, but with AMP swelling 
was accelerated beyond the rate the control 
(Fig. Oxidative phosphorylation normally 
arrested lower concentrations and was ob- 
served (but not shown Fig. that 
DNP prevented the reversal swelling otherwise 
obtained the presence ATP. 

the reversal swelling dependent upon 
oxidative phosphorylation, one would expect the 
synthesis ATP coincide with the increase 
percentage dry weight, experiments were 
designed test this prediction. 

Samples ml.) suspension mitochondria 
were shaken Dubnoff vessels. zero time radio- 
active inorganic phosphate was added one set 
vessels containing also DPN and ATP. Samples 


Time (min.) 


Fig. Effect DNP swelling estimated the 
optical method. All samples contained succinate 
standard stock solution and were shaken air 


were taken various intervals for phosphate 
analysis and others centrifuged for determination 
water content. Whilst swelling was progressing, 
indicated the optical method, radioactive 
inorganic phosphate and DPN AMP ATP were 
added another set the vessels and samples 
taken for phosphate- and water-content determina- 
tion indicated (Fig. 10). With AMP, extrusion 
water began after min. delay, and proceeded 
vigorously (Fig. 10a). The onset extrusion was 
correlated with the build-up ATP level equal 
that the samples fortified with ATP from the 
beginning (Fig. With ATP, reversal swelling 
was immediate, but fell off rapidly after min.; 
this, too, was correlated closely with the concentra- 
tion ATP the suspension (Fig. 

The phosphate fractions separated chromato- 
graphically were also examined for radioactivity 
(Fig. 10c, d). Whether ATP was present initially 


Fig. 10. Oxidative phosphorylation coincident with the reversal swelling. Standard suspensions mitochondria 
standard stock solution shaken with succinate air 35°; separate but identical samples were taken 
for estimations phosphate content, water content, and oxygen uptake estimations. Phosphate compounds were 
separated chromatographically the method Krebs Hems (1953). Percentage dry weight determined gravi- 
metrically; two sets vessels, with (@) and without (O) DPN and ATP; certain those initially 
without, DPN and 2mm ATP AMP were added ATP content pmoles/vessel 
(3-15 ml.); vessels with ATP initially; ATP added min.; AMP added min.; all vessels 
include DPN. Incorporation into ATP occurring initially and after delayed addition ATP; and 


total radioactivity ATP/vessel (counts/min. ATP/vessel and 


specific activity ATP 


AMP. and total radioactivity/vessel ATP and ADP respectively (counts/min./vessel 10-5); and 
specific activity ATP and ADP respectively Oxygen uptake; additions; 
DPN and ATP initially; tip ATP and DPN; tip AMP and DPN min. 
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Fig. a-e. For legend see 764. 
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added after swelling had proceeded, the initial rate 
phosphorylation was essentially the same. The 
final specific radioactivity the ATP was greater 
with delayed addition owing decreased dilution 
from endogenous ATP. With the delayed addition 
AMP (Fig. 10d), the total activity ADP was 
first increased and was subsequently outstripped 
ATP. The initially higher specific radioactivity 
ATP shows, however, that the primary 
ation occurs the synthesis ATP. The oxygen 
uptakes identical samples were followed 
Warburg vessels, shaking the same rate the 
Dubnoff flasks (Fig. 10e). They show that the 
swelling and reversals swelling were not mirrored 
the rates respiration. The positive correlations 
appeared rather with the levels ATP. 


DISCUSSION 


Causes swelling. Before the studies that in- 
dicated ‘active’ component the swelling 
mitochondria (Bartley Davies, 1952, 1954; 
Raaflaub, Macfarlane Spencer, 1953) 
was generally assumed that ‘mitochondria behave 
fairly typical osmotic systems’ (Duve Berthet, 
1954). The present work shows that typical osmotic 
behaviour (i.e. hypotonic swelling) respiring liver 
mitochondria observed only under detrimental 
conditions, e.g. deficiency magnesium phos- 
phate acceptors, presence inorganic phosphate, 
and sarcosomes swell under relatively simple condi- 
tions the absence substrate phosphate and 
without aeration (Cleland, 1952; Chappell Perry, 
1954; Fig. above). Fresh liver mitochondria 
remain stable hypotonic media under these 
conditions (Raaflaub, 1953a; Fonnesu Davies, 
1956). With both particle systems adenosine 
phosphates have important effects. Cleland (1952) 
observed the greatly decreased swelling sarco- 
somes treated with ATP, but interpreted the 
phenomenon terms permeability. Raaflaub 
realized that the action was more complex 
and wrote: ‘...wir (sind) geneigt, die Ursache der 
nicht-osmotischen Schwellung Vorhandensein 
kontraktiler und Strukturele- 
mente suchen. Ein Vergleich mit dem trotz 
enormen Arbeitsaufwandes immer noch 
Problem der Muskelkontraktion dringt sich auf, 
indem bei beiden ATP der Zentrum 
des Interesses stehende Stoff ist.’ 

Effects the ATP level and swelling are difficult 
separate. Whether ions affect the contractile 
elements directly the supply ATP not known, 
but they are known essential for oxidative 
phosphorylation. The effect oxygen may 
related increase adenosine triphosphatase 
Pressman (personal communication) finds that the 


adenosine triphosphatase activity respiring 
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mitochondria about twice great that non- 
respiring preparations. appears possible, how- 
ever, that not simply the concentration oxygen 
but the rate consumption might the significant 
factor swelling. Raaflaub for example, 
found that the absence added adenosine 
phosphates, succinate promoted swelling and 
malonate prevented this promotion. 

With several substrates, but not succinate, the 
rate oxygen uptake and swelling are directly 
proportional (Harman Feigelson, Raaflaub, 
Fig. above). The relation for substrates 
other than succinate explained the diffusion 
coenzymes into the medium during swelling 
(Brenner-Holzach Raaflaub, 1954; Hunter 
Ford, 1955). Where oxidative phosphorylation 
necessary maintain respiring mitochondria 
contracted state, interdependency exists: ATP 
maintains the contracted state and this state 
essential for the preservation coenzymes necessary 
for the generation ATP. 

That the concentration ATP controls the onset 
swelling was determined directly Brenner- 
Holzach Raaflaub (1954); they found that liver 
mitochondria began swell when the internal ATP 
fell from normal value about 0-05 

The effect inorganic phosphate promoting 
swelling clearly related the finding Hunter 
Ford (1955) that phosphate reversibly inactivates 
oxidative phosphorylation; but the mechanism 
remains obscure. their system magnesium, 
oxygen, and inorganic phosphate have effects 
oxidative phosphorylation exactly parallel those 
the present study. fact, their discovery that 
DPN uniquely reverses inactivation phosphate 
led the successful use this substance the 
reversal swelling (Fig. above). 

Swelling, contraction and ion gradients. non- 
osmotic contraction reversal swelling mito- 
chondria brought about supply ATP and 
greatly promoted DPN. Fig. shows that 
oxidative phosphorylation serves only restore 
ATP high level; for while the rate incorpora- 
tion into ATP starts high level im- 
mediately upon the addition AMP ATP, 
contraction does not begin until the ATP has 
accumulated level equivalent that fresh 
mitochondria. Indeed, there initial accelera- 
tion swelling upon the addition AMP which 
suggests that endogenous ATP consumed 
myokinase reaction. 

From the data Hunter Ford (1955) clear 
that DPN important oxidative phosphoryla- 
tion and may identical with the factor Ernster, 
Nordenbrand Ernster (1955). effect 
DPN succinate oxidation, however, 
expected for the time question only about half 
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the succinate has been consumed single- 
step reaction malate (Krebs, Ruffo, Johnson, 
Eggleston Hems, 1953; Price Thimann, 1954; 
Whittam, Bartley Weber, 1955). therefore 
possible, but unlikely, that DPN promoting 
phosphorylation accelerating malic dehydro- 
genase other oxidations the substrate level. 

The apparent necessity for DPN oxidative 
phosphorylation suggests explanation the 
role oxygen swelling, namely, the enhanced 
labilitv the oxidized relative the reduced 
nucleotide. 

DPN has also been cited reversing the impaired 
oxidation mitochondria from liver treated with 
tetrachloride (Christie Judah, 1954; 
Dianzani, 1955). These and other observations 
suggest that ‘cloudy swelling’ the liver directly 
related mitochondrial swelling (Fonnesu, 1952; 
Robinson, 1953; Fonnesu Severi, 1954, 1956). 
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manner analogous swelling (Spector, 1953; 
Stanbury Mudge, 1953). 

Among swelling, ion gradients, oxidative phos- 
phorylation and adenosine triphosphatase activity 
inferred from many studies (e.g. Harman Feigel- 
son, Macfarlane Spencer, 1953; Slater 
Cleland, 1953; Hunter Ford, 1955; Beyer, 
Ernster, Beyer, 1955) oxidative 
ation and the state swelling are reversibly inter- 
dependent; likewise swelling and adenosine 
phosphatase (Potter Recknagel, 1951; Slater 
Cleland, 1953; Chappell Perry, 1954; Kaltenbach 
Harman, 1955). The interlinking these pheno- 
mena illustrated the scheme shown below, and 
may that this has physical reality that the 
enzymes oxidative phosphorylation and adeno- 
sine triphosphatase may identical with the 
contractile elements the mitochondrial structure. 


Initial Altered 
Variable state state 
EDTA 
Meg? 
ageing 
Oxidative phosphorylation Active Inactive 
DNP 
Adenosine triphosphatase Low High 


Harman Feigelson, 1952a; Watanabe Williams, 1953; Cleland Slater, 1953; Bartley Davies, 1952, 1954; 
1955; Raaflaub, 1954; Spector, 1953; Stanbury Mudge, 1953; Kaltenbach Harman, 1955.) 


Swelling and contraction are clearly more than 
the movement mitochondrial protein under the 
influence ATP. The particles contain and 
ions excess those the ambient fluid and 
their concentrations are affected swelling and 
contraction. These ions, moreover, are for the most 
part rapidly exchangeable (Bartley 
1954), although small residue exchanges slowly 
with ions the medium (Spector, 1953; Stanbury 
Mudge, 1953). During swelling these gradients 
cations and also inorganic phosphate are nearly 
lost. Upon contraction the gradients are recovered 
but not the same degree the decrease water 
content. significant that even when adenosine 
phosphates are present initially, the high potassium 
gradient not maintained for long the low 


water content. 

The means which ions are held relatively 
high internal concentrations are not known, but 
whatever the mechanism and sites accumulation, 
the ion gradients and even the slowly exchangeable 
potassium are affected phosphate and respiration 


Possible physiological significance. Even though 
cannot assumed that present techniques with 
mitochondrial preparations allow even near 
approach vitro true physiological conditions 
(Slater Cleland, 1953; Cleland Slater, 1953) 
reversible swelling mitochondria has been ob- 
served under conditions simulating cellular respira- 
tion. Transport water and ions general 
physiological process, and the results Tables 
suggest that the mitochondria may perform such 
function (see also Bartley Davies, 1952, 1954; 
Macfarlane Spencer, 1953). terms the 
measured water contents the range reversible 
swelling (about 18-23% dry weight) quite the 
same that found with intact kidney tissue 
(Whittam Davies, 1953). The vivo ion contents 
mitochondria and the cytoplasms are unknown, 
but the ion gradients developed these isolated 
metabolizing mitochondria are much less than those 
maintained metabolizing cells Whittam 
Davies, 1953). Since the turnover ions mito- 
chondria high (Bartley Davies, 1954) 
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possible that these particles are the pumps which 
enable the cells osmotic work (cf. Robertson, 
Wilkins, Hope Nesztel. 1955). 


SUMMARY 


Investigations have been made the condi- 
tions which respiring rat-liver mitochondria can 
swell and contract solutions constant osmotic 
pressure. 

essentially continuous estimation mito- 
chondrial water was obtained from measurements 
the optical density suspensions 950 
with mm. light path. 

When suspensions rat-liver mitochondria 
are shaken air 35° with sodium succinate, 
potassium phosphate buffer, 7-4, 5mm 
magnesium sulphate, tris buffer, 
sucrose and ATP ADP, the rate oxygen 
uptake high approx. pl./mg. dry wt./hr.) 
and the particles retain their initially low water 
content dry wt.). 

the absence adenosine phosphates the 
oxygen uptake essentially unchanged the first 
but the mitochondria take water 
dry wt.) and the sodium and potassium con- 
centrations decrease. swelling has not proceeded 
too far, the subsequent addition AMP ATP 
alone, or, much better, together with DPN, will 
cause the extrusion water dry wt.) and 
partial recovery the sodium and potassium 
gradients. The time courses these processes are 
not identical. 

This recovery coincident with the resump- 
tion oxidative phosphorylation and abolished 
DNP. 

These results indicate that 
phosphate esters can used mitochondria 


‘high-energy’ 


move water and ions. 
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Previous work has shown that mitochondria can 
maintain low water content incubated under 
conditions favourable oxidative phosphorylation 
(Bartley Davies, 1952, 1954; Macfarlane 
Spencer, 1953; Price Davies, 1954; Price, 
Fonnesu Davies, 1956). Harman Feigelson 
(1952) used the phase-contrast microscope assess 
the morphological changes isolated heart-muscle 
mitochondria, and concluded that oxidative phos- 
phorylation the essential mechanism for main- 
tenance mitochondrial form. They also found that 
uncoupling agents, such 
Janus green and usnic acid, produce swelling 
isolated mitochondria. has also been found that 
added adenosine triphosphate (ATP) inhibits the 
swelling mitochondria (Raaflaub, 1952, 
and that the ‘spontaneous’ swelling mitochondria 
left room temperature paralleled fall 
the concentration the intramitochondrial ATP 
(Brenner-Holzach Raaflaub, 1954). 

The reciprocal relationship between water content 
(or swelling) and oxidative phosphorylation (or 
availability ‘high-energy’ phosphate bonds) 
mitochondria has been much emphasized, and this 
paper records the results investigation into the 
conditions which prevent the swelling mito- 
chondria. Part this work has been communicated 
the Biochemical Society (Fonnesu Davies, 
1955). 

EXPERIMENTAL 


Abbreviations. These are follows: adenosine mono- 
phosphate, AMP; adenosine diphosphate, ADP; adenosine 
triphosphate, ATP; 2:4-dinitrophenol, DNP; inosine mono- 
phosphate, IMP; inosine diphosphate, IDP; inosine 
triphosphate, ITP. 

Preparation mitochondria. The method used was very 
similar that Macfarlane Spencer (1953). All opera- 
tions were carried out cold room with previously 
materials. 

Male albino rats were fasted for hr., stunned blow 
the head and decapitated. The liver was quickly excised 
and cooled for min. partially frozen sucrose. The 
chilled tissue was blotted, passed through Fischer mincer 
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(Broyeur Fischer Main; Jouan, Paris) remove most 
the connective-tissue framework and then forced through 
Craigie (1949) pressure mincer. The pulp was weighed, 
suspended vol. ice-cold sucrose and centrifuged 
Servall angle centrifuge for min. 300 sediment 
unbroken liver cells, nuclei and red cells. The supernatant 
was removed with hook-tipped pipette and centrifuged 
for min. 6000g sediment the mitochondria; the 
supernatant and the ‘fluffy layer’ (Schneider Hogeboom, 
1951) were poured off and the well-packed mitochondria 
resuspended sucrose for washing use. When 
indicated, the mitochondria were washed once twice 
volume sucrose equal that the original 
suspension and isolated centrifuging for min. 
6000 

Incubation. The mitochondria sucrose were 
added the various media conical flasks 28° 
Dubnoff Metabolic Shaking Incubator (Precision Instru- 
ments Co., Chicago). The gas phase was either air 
anaerobiosis was maintained with stick 
yellow phosphorus placed the centre well the flask. 

Separation the mitochondria. After incubation, the 
reaction mixture was pipetted poured into weighed 
Pyrex centrifuge tube and centrifuged room temp. 
(approx. 20°) the high-speed head no. 295 Inter- 
national Centrifuge, size under the conditions described 
later. The supernatant was decanted and the inside the 
tube dried with strips filter paper. The tube was sealed 
with square Parafilm (Marathon Corporation, Menasha, 
Wis., U.S.A.) until was weighed. The dry weight the 
mitochondria was obtained after drying overnight 105°. 

Chromatography. Cold trichloroacetic acid [0-5 ml. 
(w/v) solution] was added sample (3-0 ml.) the 
incubation mixture. The clear supernatant obtained after 
centrifuging was kept frozen 15° until was chromato- 
graphed paper the method Krebs Hems (1953). 
Marker spots containing adenine, adenosine, AMP, ADP, 
ATP, IMP, IDP and ITP were placed each paper. 

Special chemicals. The dibarium salts ATP and IMP 
were prepared the methods LePage (1949) and 
Ostern (1932), respectively. 2:3-Dimercaptopropanol (BAL) 
was gift from Stocken. The following compounds 
were commercial preparations: AMP (free acid, Roche 
Products Ltd., Welwyn Garden City), adenosine 
phosphate (free acid, Light and Co., Colnbrook), ADP 
(dibarium salt, Schwarz Lab. Inc., New York), uridine 
5’-phosphate (disodium salt, Pabst Lab., Milwaukee, Wis., 
U.S.A.; lot 801), flavin mononucleotide (Sigma Chemical 
Co., Louis, U.S.A.; lot 62-1) and guanosine 5’- 
phosphate (Sigma Chemical Co. lot 144-608). The dibarium 
salts were converted into free acids the method 
Deutsch Nilson (1953) with Amberlite Resin (H), 
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analytical grade, manufactured the Rhom Haas Co., 
Resinous Products Division, Philadelphia, U.S.A., and 
obtained from British Drug Houses Ltd., Poole. All the 
acids were neutralized with dilute NaOH before use. 
the hydroxy] form and ml. Dowex the acid 
form was used, when indicated, de-ionize 31. 
A.R. sucrose (British Drug Houses Ltd.). 


RESULTS 


The starting point for these experiments was the 
work Macfarlane Spencer (1953) who found 
that the swelling rat-liver mitochondria which 
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Investigation the action the components 
the Macfarlane Spencer system 


Cytochrome Table shows that added cyto- 
chrome not necessary prevent swelling the 
mitochondria. The results obtained here with 
concentrations and the complete 
absence cytochrome are identical with those 
Macfarlane Spencer who used 
chrome 

Time centrifuging. Macfarlane Spencer 
(1953) separated the mitochondria after the incuba- 
tion 6000 for min. room temperature and 


pointed out that the conditions oxygenation were 
obviously not optimum. The same resulis were 
obtained whether the centrifuging-after incubation 
room temperature (cf. Bartley Davies, 
results are given detail Table Price al. 
(1956). 


occurs during incubation 28° the presence 
oxygen, glutamate, phosphate buffer, 
sucrose and ions was largely prevented 
AMP. They suggested that ‘the prevention 
swelling associated with the capacity the system 
for oxidative phosphorylation or, more accurately, 
with the presence adenine nucleotide’. 


Table Effect cytochrome and AMP water content mitochondria 


Incubation for min. 28° Dubnoff Shaker; gas phase, air. Medium (final concentrations): 0-02m sodium 
potassium phosphate buffer, 7-4; sucrose (introduced with the added 
mitochondria) and, where indicated, cytochrome AMP, when present, was Rat-liver mitochondria 
(unwashed) were incubated concentration mg. dry After incubation the mitochondria were separated 


6000 for min. room temp. 
Relative 


water content 


Dry wt. (ml. water/g. 
Conditions dry solids) 
Mitochondria incubated the medium: 
13-1 6-6 


Table Effect substrate and comparison the effects AMP and ATP water content mitochondria 


Incubation 28° Dubnoff Shaker; gas phase, air. Medium (final concentrations) potassium 
phosphate buffer, 7-4; sucrose and, when indicated, AMP ATP. Substrate, when present, was 
sodium Rat-liver mitochondria (washed twice): mg. dry wt./ml. After incubation the mitochondria 
were separated 25000 for min. 


Relative 

Period water content 

incubation Dry wt. (ml. water/g. 

Conditions (min.) dry solids) 

Mitochondria separated room temp. after 
incubation the medium: 

23-0 
22-1 


1956 


ria 


Vol. 


PREVENTION SWELLING LIVER MITOCHONDRIA 


Table Effects AMP, cyanide, DNP and anaerobiosis water content mitochondria 


Incubation for min. 28° Dubnoff Shaker. Medium (final concentrations): 
potassium phosphate buffer, 7-4; sucrose (introduced with added mitochondria) and, where indicated, 
AMP. Rat-liver mitochondria (washed once): mg. dry wt./ml. After incubation the mitochondria were separated 


25000 for min. room temp. 


Conditions 
Mitochondria sucrose 


Relative 
water content 


(separated without incubation) 


Mitochondria incubated 


Gas phase Additions medium 


Air +AMP 
Air 
Air 0-1 DNP AMP 


Dry (ml. water/g. 
dry solids) 
15-9 
28-2 
23-3 
21-9 3-6 
20-8 
24-4 3-1 
21-1 
19-9 4-0 
19-6 4-1 
23-0 


Substrate and metabolism. the absence 
added substrate and adenine nucleotides the water 
content the sedimented mitochondria was higher 
(Table 2). This possibly due the reduced totai 
osmolarity the medium without substrate. The 
rapid initial swelling, which occurred when the 
any the media room temperature, may also 
effect the reduction the osmolarity (to 
approx. osm). the presence either 
AMP ATP the effect the added substrate 
during the incubation was negligible. The main- 
tenance the water content during 
incubation without substrate suggested that 
oxidative metabolism not necessary maintain 
low water content 28°. test this point, these 
without substrate were repeated the 
absence oxygen the presence cyanide 
DNP. The results show conclusively (Table that 
aerobic metabolism oxidative phosphorylation 
are not required maintain low water contents. 
W.th added AMP the mitochondria were 
actually less swollen the presence these in- 
hibitors than their absence but the protective 
effect AMP maintaining low water content 
was reduced absent. the presence substrate, 
however, DNP promoted swelling (Harman 
Feigelson, 1952; Price al. 1956). the experi- 
ments recorded Table the medium contained 
chloride (cf. Macfarlane Spencer, 1953). The in- 
creased osmolarity accounts for the higher values 
the percentage dry weights the mitochondria. 


Inorganic ions. The remaining components the 
original Macfarlane Spencer system were found 
either advantageous disadvantageous for the 
protective effect AMP ATP. The 
Table section are the control values for the 
water content which were relatively high because the 
total osmolarity the medium had reduced 
even further for these experiments. Section shows 
that the presence ions (with the small 
amount sucrose contributed the added 
particles) the water content the mitochondria 
was lower than plus phosphate buffer 
(section a). AMP and ATP were also effective alone 
(section but the presence ions prolonged 
their action (section Phosphate buffer, however, 
effectively antagonized ions, AMP and ATP 
(sections c). Other experiments showed that 
phosphate buffer alone caused the same degree 
and ions were without significant effect the 
concentration range 

was unexpected that ATP was always less 
effective than AMP protecting the mitochondria 
from swelling. seemed possible from the results 
Table that this could due antagonizing 
effect inorganic phosphate liberated from ATP 
during incubation. Table shows the following 
descending order effectiveness after min. 
incubation: AMP, ADP, ATP, phos- 
phate’, ‘AMP+2 phosphates’. After 
incubation the protective action the nucleotides 
has disappeared all conditions except for AMP 
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Table Effect AMP and ATP with the complete medium and with all the components separately 
the water content mitochondria 


Incubation 28° Dubnoff Shaker; gas phase, air. Rat-liver mitochondria (washed twice): mg. dry wt./ml. After 
incubation the mitochondria were separated 25000 for min. room temp. 


separated 


Relative 
Period water content 
incubation Dry wt. (ml. water/g. 
Conditions (min.) (%) dry solids) 
Mitochondria incubated 
13-7 
19-9 
14-4 
13-7 
16-3 
10-1 8-9 
11-6 
10-2 8-8 
14-6 
11-7 
8-2 
13-6 6-4 
Table Effects AMP, phosphate’, ADP, ‘AMP phosphates’ and ATP 
the water content mitochondria 
Relative 
Period water content 
incubation Dry wt. (ml. water/g. 
Conditions (min.) dry solids) 
Mitochondria sucrose and 30-7 
sucrose with addition of: 13-7 

17-4 4-7 

Inorganic phosphate 9-3 9-8 

14-4 

AMP 10-0 9-0 

Inorganic phosphate (60 9-5 9-5 

12-8 


Vol. 
alone which has some residual activity. Table 


shows that inorganic phosphate can inhibit large 
excesses AMP. 


Effects other compounds the 
water content mitochondria 


Since AMP alone was able protect mitochondria 
(Tables and other nucleotides were tested. 
was found that adenosine 3’-phosphate mm), 
phosphate mm), uridine 5’-phosphate mm) 
and flavin mononucleotide (mM) were completely 
without effect the water content mitochondria 
after min. incubation. Similarly, adenosine 
(mM) and inosine were ineffective. 

known that many systems ions have 
similar effect ions, whereas ions 
act antagonist (Lindberg Ernster, 1954; 
Ernster, Lindberg 1955; Ernster 
1955; Hunter Ford, 1955). Table shows that this 
relationship also applies our system. ions 
are even more effective than ions main- 
taining the water content the mitochondria the 
presence absence AMP, and both these ions 
and AMP are antagonized ions. Slater 
Cleland (1953) found that Ca?+ ions can become 
bound sarcosomes during isolation and, since 
Ca?* ions are deleterious liver mitochondria 
(Table 7), the effects ‘calcium-binding’ agents 
were investigated. Table shows that the mito- 
chondria are protected ethylenediaminetetra- 
acetate, citrate and oxalate. Ethylenediaminetetra- 
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acetate particular has most powerful and pro- 
longed effect. There was also some protection the 
presence glutathione and cysteine, but since 2:3- 
dimercaptopropanol (BAL) was quite ineffective 
unlikely that this protection depends simply 
the presence the groups. 

When these experiments were almost completed 
was found that, after the use new batch 
sucrose, AMP longer reduced swelling the 
controls. Investigation showed that several new 
bottles A.R. sucrose contained some impurity 
which could removed passing the sucrose 
solution through mixture resins, described 
the Experimental section. inorganic ortho- 
phosphate was detectable the sucrose solution 
the method Berenblum Chain (1938), and 
seemed possible that the impurities were metal ions 
1953; Hunter Ford, 1955). The results Table 
are agreement with this assumption, which 
suggests that routine de-ionization A.R. sucrose 
would advantageous experiments this kind 
with mitochondria. 


Effect incubation the added nucleotides 


seemed possible that the relatively transient 
effects AMP, ADP and ATP were due their 
breakdown during the first min. incubation 
and that perhaps and ions could act 
preventing the breakdown endogenous nucleo- 
tides. The chromatograms shown Fig. were 
made investigate these possibilities and were from 


Table the ratio phosphate the water content mitochondria 


Conditions 


Mitochondria sucrose and 
separated 


sucrose with addition 


AMP 


AMP 


Inorganic phosphate 


2mm 
Inorganic phosphate 


3mm AMP 
Inorganic phosphate 


5mm 
Inorganic phosphate 


Relative 
Period water content 
incubation Dry wt. (ml. water/g. 

(min.) (%) dry solids) 
30-7 2-3 
14-0 6-1 
10-9 8-2 
9-9 9-1 
17-1 4-9 
12-4 
16-6 5-0 
11-9 
14-0 6-1 
10-0 9-0 
14-0 6-1 
10-2 8-8 
13-4 6-5 
10-2 
14-8 
7-0 
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Table Effects AMP, ADP, ATP, MnCl, and CaCl, the water content mitochondria 


Unless otherwise indicated, AMP, ADP, ATP, and CaCl,, when used either alone mixtures, were 
(final conen. after the addition the mitochondria). Other details are Table 


Period water content 


Relative 
incubation Dry wt. (ml. water/g. 
Conditions (min.) dry solids) 


separated 
sucrose with addition 


10-2 

9-2 

16-6 

AMP 12-2 

6-1 

ADP 

ATP 9-3 9-9 

19-2 

MnCl, 16-3 5-1 

MgCl, 13-4 

12-3 

CaCl, 7-0 

2 

13-0 6-7 


Table Effects AMP, glutathione, cysteine, ethylenediaminetetraacetate citrate 
and oxalate the water content mitochondria 


Relative 
Period water content 
incubation Dry wt. (ml. water/g. 
Conditions (min.) dry solids) 


separated 
with addition 


10-9 8-2 

9-9 9-1 


Vol. 


the experiments shown Table clear that 
when the medium contained AMP (final concen- 
tration), AMP was largely broken down during the 
incubation adenosine plus inorganic phosphate. 
Small amounts adenine were also formed but 
deamination inosine compounds did not occur 
(Fig. la). Fig. that with AMP 
fraction still remained after min. incubation (the 
adenine formed cannot seen this chromato- 
gram because only one-fifth much medium was 
placed the starting line). similar breakdown 
occurred with ADP (Fig. and with ATP (Fig. 1d). 

Fig. and show that Mn?+, Mg?+, Ca?+, 
plus and plus ions actually stimulate 
the breakdown AMP despite the prevention 
swelling which occurs the presence AMP plus 
AMP plus but not AMP plus ions 
(cf. Table 7). 


DISCUSSION 


The most surprising finding these experiments 
AMP can largely protect non-respiring liver mito- 
chondria from swelling even solutions dilute 
sucrose. The results show that neither 
active state metabolism nor the presence 
‘high-energy’ phosphate esters required 
maintain low water contents. also interest 
that DNP, which causes mitochondria 
respiring the presence substrate (Harman 
Feigelson, 1952; Price al. 1956), actually helps 
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maintain the water content non-respiring mito- 
chondria the absence substrate. Simple 


osmotic effects appear excluded the cause 


these phenomena and seems likely that the agents 
which prevent swelling act the structure 
mitochondria ways which are not yet understood. 

Amongst the nucleotides tested, AMP, ADP and 
ATP are the only ones effective protecting the 
non-respiring mitochondria from swelling, and 
AMP the most powerful. seems likely that the 
disappearance with time the protection AMP 
due both the destruction the AMP molecule 
and the appearance inorganic orthophosphate. 
This loss protective action occurs even when 
large amounts AMP are added (Table that 
considerable quantities are still present the end 
the incubation (Fig. 1b). This interpretation also 
supported the finding that low water content 
non-respiring mitochondria can maintained 
nucleotides for long periods min. 28°) only 
the presence Mn?+ ions. Although these 
two ions stimulate the liberation inorganic ortho- 
phosphate from added nucleotides Fig. le, 
they antagonize the effects the phosphate formed 
(Table 4). The deleterious effect inorganic ortho- 
phosphate the water content mitochondria 
confirms the results Raaflaub (1952, 
based changes optical density (see also 
Stanbury Mudge, 1953), and agreement with 
the results Hunter Ford (1955), who found that 
phosphate can reversibly inhibit oxidative phos- 
phorylation mitochondria. 


Table Effect de-ionization A.R. sucrose the water content mitochondria 
the presence absence AMP 


The sucrose solution, when indicated, was de-ionized with mixture Dowex 50. Other details are 


Relative 
Period water content 
incubation Dry wt. (ml. water/g. 
Conditions (min.) (%) dry solids) 
Mitochondria A.R. sucrose (separated 0°) 2-1 
Mitochondria de-ionized A.R. sucrose 34-1 1-9 
(separated 0°) 
Mitochondria de-ionized A.R. sucrose 31-4 
containing 0-1 CaCl, (separated 0°) 
Mitochondria incubated 

7-0 

14-0 6-1 

8-0 

12-0 

7-2 

containing 0-017 11-6 
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After 
Before incubation Before 
incubation 
After 30 min. 
Mic. Mit. Markers Mit. Mit. Mic. = Mit. 
+AMP +AMP +ADP 


Starting 
line 


ITP 
IDP 
IMP 


ATP 
ADP 
AMP 


Adenosine 


Adenine 


Mit. = Mit. Mic. 


+AMP +AMP 
(Smm) (5mm) 


Mit. Mit. 
+AMP 
(5 mm) 


Markers 
+ATP 


Starting 
line 


Adenosine 


Adenine 


Thus the conditions are now known under which 
non-respiring liver mitochondria can remain con- 
tracted swell, and respiring liver mitochondria 
can remain contracted, swell and recontract. The 
detailed mechanisms involved these changes 
remain elucidated. 


SUMMARY 
The swelling rat-liver mitochondria which 
occurs during incubation 28° can largely 
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Mit. Markers 
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After 


incubation After 30 min. After 30 min. 
=o incubation incubation 
30 min. 60 min. 
Markers Mit. Mit. Mic. Mit. Markers Mit. Mic. 
+ADP +ADP +AMP +AMP +AMP +AMP 
+MnCl, +CaCl, +MnCl, 
+CaCl, 


Mic. Mic. 
+AMP +AMP 
+CaCl, +MgCl, 

+CaCl, 


Mic. Mic. Markers 


+ATP +ATP 


Mit. Mit. 
+AMP +AMP 


prevented adenosine triphosphate (ATP) and 
adenosine monophosphate (AMP) the presence 
and absence substrate. 

Aerobic metabolism oxidative 
ation not required maintain low water con- 
tent mitochondria. 

and ions largely protect mito- 
chondria from swelling. Both Mg?+ and ions 
enhance and prolong the action AMP, and both 
these ions and AMP are antagonized Ca?* ions 


IDP 
IMP 
ATP 
ADP 
AMP 
Fig. 
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and inorganic orthophosphate. Added K*, 
and ions the range are without 
effect, and citrate, oxalate and ethylenediamine- 
tetraacetate protect mitochondria from swelling. 

The effects the nucleotides, and Mn?+ 
ions the water content mitochondria are also 
sucrose. this medium AMP more effective 
than adenosine diphosphate (ADP), which better 
than ATP, apparently because the inhibitory 
effect the inorganic phosphate liberated during 
incubation. All three nucleotides are broken down 
adenosine and inorganic phosphate, and this 
breakdown more rapid the presence Mg?*, 
and ions either alone mixtures. 

Adenosine 3’-phosphate, inosine 5’-phosphate, 
uridine 
flavin mononucleotide, adenosine and inosine were 
without effect the water content mitochondria. 

concluded that the agents which prevent 
swelling act the structure the mitochondria 
ways which are not yet understood. 

wish thank Professor Krebs, F.R.S., for his 
interest this work, which was aided grant from the 
Rockefeller Foundation. 
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The Metabolism Butylated Hydroxyanisole the Rabbit 
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This paper deals with the metabolism the rabbit 
substance known butylated hydroxyanisole 
(BHA) that used commercially antioxidant 
edible fats (Kraybill al. 1949). The material 
mixture two isomers, 2-tert.-butyl-4- 
methoxyphenol (I) and 15% 3-tert.-butyl-4- 
methoxyphenol (II). Although studies the con- 
ventional type acute and chronic toxicity have 
been made (see Wilder Kraybill, 1948; Lehman, 
Fitzhugh, Nelson Woodward, 1951; Graham, 
Teed Grice, 1954) studies metabolism have 


been reported. The metabolism the commercial 
mixture and the pure isomers has been examined 
and the major metabolites have been isolated and 
characterized. 


EXPERIMENTAL 


Animals, diet and dosage. The rabbits used were does 
the New Zealand white strain, weighing kg. They 
were maintained standard pellet diet (wheat, 40%; 
pollard, 33%; bran, 27%) and were kept singly meta- 
bolism cages designed permit the separate collection 
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urine and faeces. Water and food were supplied lib. and 
the urine was collected daily. Doses 0-25, 0-5 1-0 
BHA were dissolved ml. olive oil and administered 
stomach tube. some experiments L-cystine 
sodium sulphite was dissolved water and given 
stomach tube immediately after the olive oil solution. The 
rabbits usually refused food during the after re- 
ceiving single doses BHA. 

Materials. BHA was obtained from the Uni- 
versal Oil Products Company, Riverside, Illinois, U.S.A., 
and the isomers and were given Chenicek 
this firm. The following were purchased: 
(Eastman Organic Chemicals, Rochester, N.Y.), p-methoxy- 
phenol and quinol (British Drug Houses Ltd., London) and 
B-glucuronidase (bacterial) (Sigma Chemical Co., Louis, 
(m.p. 53°) was 
prepared Richardson (Nutrition Research 
Department) the oxidation tert.-butylquinol with 
potassium bromate 92% yield after the method 
McCoy (1937). 

Analytical methods 


All spectrophotometric measurements were made with 
Unicam SP. 350 Model D.G. spectrophotometer. 

Free and total phenols. (a) Folin Ciocalteu method. 
Phenols were determined diluted rabbit urine the 
Folin Ciocalteu (1927) method. The final concentration 
phenol was adjusted the range and the 
developed colour was measured The calibration 
curves optical density against concentration for phenol, 
quinol, BHA, the isomers and and 2-tert.-butyl-4- 
glucosiduronic acid (after acid hydrolysis) 
gave the same line for the range 0-3-1-5 (b) Chloroimide 
The chioroimide reaction Gibbs (1927) modified 
Mahon Chapman (1951) was applied diluted rabbit 
urine. The 2:6-dichloroquinone-4-chloroimide was used 
solution ethanol, and the blue colour developed 
9-4 and measured 6204. calibration curve was 
prepared with BHA the range mm. Isomer 
had about twice the colour value isomer (II) with this 
reagent. 

Glucuronides. The naphtharesorcinol method, modified 
Bray, Humphris, Thorpe, White Wood was 
used for the estimation total glucuronic acids. Urine was 
diluted give glucuronide concentration between 0-5 and 
2-0 and readings were made calibration 
curve was prepared using 
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glucosiduronic acid over the range given above. Urines were 
tested for ester glucuronides with Fehling’s and Benedict’s 
solutions, but none was found. 

Ethereal sulphates. These were determined Sperber’s 
(1948) modification the turbidimetric method. The 
calibration curve was made with K,SO, and readings were 
taken the range mg. SO,. 

Mercapturic acids. Stekol’s (1936) method (iodine con- 
sumption after hydrolysis alkali) modified Parke 
Williams (1951) was used. 

Paper chromatography. The phenolic compounds were 
separated Whatman no. filter-paper sheets the 
descending method, with the solvent systems Table 
all cases the solvent front was run for 30-40 cm. 


Effect acid BHA, tert.-butylquinol 
and p-methoxyphenol 


Butylated hydroxyanisole. BHA (5g.) suspended 
(100 ml.) was boiled under reflux for The 
mixture was then steam-distilled for hr. and the distillate 
extracted with light petroleum, b.p. ml.) and 
then with peroxide-free ether ml.). The non-volatile 
residue was extracted with n-butanol ml.). All three 
extracts were evaporated almost dryness vacuo and the 
resultant concentrates examined paper chromatography 
with solvent system (Table 1). Thelight-petroleum extract 
contained most the BHA and some p-methoxyphenol, and 
the ether extract some BHA and p-methoxyphenol; the 
butanol extract contained quinol and 
traces BHA and p-methoxyphenol. The bulk the con- 
centrates was run strip chromatograms, the individual 
bands were located under lamp and each was eluted 
with methanol. From these eluates, tert.-butylquinol, 
methoxyphenol and quinol were isolated and identified 
m.p. and mixed m.p. (quinol the diacetate). From 
BHA, 150 mg. and mg. quinol were 
obtained. The p-methoxyphenol was distributed throughout 
all the fractions, but, the basis the intensity spots 
the chromatograms, the amount appeared the same 

tert.-Butylquinol. portion was suspended 
(100 ml.) and boiled under reflux for After 
cooling, the mixture was extracted with 
ml.). Quinol and unchanged were 
identified this extract paper chromatography with 
solvent systems and (Table 1). 


Table values BHA isomers and degradation products 


Solvent mixtures (by vol.): light petroleum (b.p. acid (5:1:5); light petroleum 
(b.p. acid (85%) (2:1); (4:5:1). 


solvent mixture 


Colour with diazotized 


sulphanilic acid followed 

0-85 0-7 0-9-1-0 Orange 
0-9 0-8 Orange 

tert.-Butylquinol 0-4 0-15 0-7 Purplish black fading rapidly* 
tert.-Butyl-p-benzoquinone 0-9-1-0 0-9-1-0 0-9-1-0 colour 

p-Methoxyphenol 0-3 0-3 0-8 blue edges, fading 
Quinol 0-0 0-0 0-7 Green changing dark grey* 


Ammoniacal AgNO, gives characteristic black with quinols. 


m 
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p-Methoxyphenol. g.) was treated the same 
way Quinol and p-methoxyphenol were 
detected. 


Purity commercial 


initial chromatographic examination the BHA used 
did not show the presence any impurity, but traces 
p-methoxyphenol were detected after steam-distillation. 
BHA g.) was suspended water (100 ml.) and steam- 
distilled for hr. The non-volatile residue was extracted 
with n-butanol and the concentrate examined 
chromatographically with solvent system BHA and 
p-methoxyphenol (2-5 mg. isolated) were present but 
quinol was found. 


Isolation and characterization glucuronides 


All melting points are uncorrected. 

Isolation barium gluco- 
The 24hr. urine (73 ml. from the total 
methoxyphenol was diluted 100 ml., 50% (w/v) barium 
acetate added, the adjusted 9-10 with 
ammonia and the mixture then filtered through kieselguhr 
pad. The filtrate was evaporated vacuo below 40° 
ml. and the crystals which separated were collected. 
The mother liquor and washings were concentrated 
ml. and second crop crystals was obtained (total 
yield, 1-196 hydrate anhydrous). Recrystalliza- 
tion from hot water yielded long white needles barium 
(2-tert.-butyl-4-methoxyphenyl glucosid)uronate, m.p. 221° 
(decomp.), which lost 3-5 H,O vacuum-drying over conc. 
H,SO,. (Found: 48-1; 5-4; OMe, 7-3; Ba, 15-9. 
requires 48-2; 5-5; OMe, Ba, 

The 24hr. urine from rabbit given 
BHA was treated described above (yield glucuronide 
hydrate, 0-82 g.). The recrystallized barium salt had m.p. 
216° (decomp.) and lost 3-5 H,O vacuum-drying over 
H,SO,. (Found: 48-0; 5-4; OMe, 8-0; Ba, 

Isolation barium (3-tert.-butyl-4-methoxyphenyl gluco- 
sid)uronate. The hr. urine (57 ml.) from rabbit given 
lg. 3-tert.-butyl-4-methoxyphenol was treated 
described above and produced gum (yield mg.), 
which crystallized slowly from water yield small white 
rosettes barium (3-tert.-butyl-4-methoxyphenyl gucosid)- 
uronate, m.p. above 350°. (Found: 48-2; 5-7; OMe, 
7-9; Ba, 15-9. requires 48-2; 5-5; OMe, 
Ba, 16-2%.) This isomer was not isolated from urine 
rabbits given BHA. 

uronic acid. The barium salt (500 mg.) was suspended 
water ml.) and 1-5 equiv. HCl added, when the barium 
salt dissolved. The free glucosiduronic acid which separated 
was filtered off and washed with cold water. The small white 
needles 2-tert.-butyl-4-methoxyphenyl glucosiduronic acid 
had m.p. 168-5-169°, water (c, 1-0). (Found: 

attempt prepare the triacetate 2-tert.-butyl-4- 
glucosiduronic acid produced syrup which 
failed crystallize. 

Acid hydrolysis barium 
glucosid)uronate. The barium salt (125 mg.) was suspended 


METABOLISM BUTYLATED HYDROXYANISOLE 


779 


(25 ml.) and boiled under reflux for hr. Samples 
were taken for analysis the Folin Ciocalteu and chloro- 
imide methods and for paper chromatography. The Folin 
Ciocalteu method gave quantitative recovery phenols, 
but with the chloroimide method only the expected 
phenolic material was found. Chromatographic analysis 
the acid hydrolysate with solvent systems and showed 
the presence 2-tert.-butyl-4-methoxyphenol, p-methoxy- 
phenol, quinol and least ten unidentified 
spots which could seen under u.v. light after spraying 
with diazotized sulphanilic acid. 

The salt (500 mg.) was dissolved 5n-H,SO, 
(10 ml.) and the solution steam-distilled for The 
distillates 200 ml.) were shaken with light petroleum, 
b.p. (0-1 vol.). The extract was separated and the 
solvent was allowed evaporate. The white material 
(yield 100 mg., 56%) crystallized from hot water long 
fine needles, m.p. and was identified 2-tert.- 
butyl-4-methoxyphenol mixed m.p. 

Enzymic hydrolysis 2-tert.-butyl-4-methoxyphenyl glu- 
cosiduronic acid. suspension Sigma units 
glucuronidase 0-5 ml. sodium acetate buffer 4-5 
was added 1-0 ml. 0-7 neutralized 2-tert.-butyl-4- 
glucosiduronic acid acetate buffer and 
3-5 ml. the acetate buffer. The mixture was kept 37° 
and the degree hydrolysis was determined intervals 
the Folin Ciocalteu and the chloroimide methods. 
final substrate concentration 0-14 mm, hydrolysis was 
complete hr., but with 0-28 the glucuronide 
was hydrolysed hr. 

Ethereal sulphates. attempt isolate the ethereal 
sulphates the 5-aminoacridine method (Dodgson, Rose 
Spencer, 1955) was not successful. 


RESULTS 


Excretion normal metabolites. The mean daily 
excretions undosed rabbits were: free 
phenols, 0-613 0-188; combined phenols, 0-344 
0-086; glucuronides, ethereal sul- 
phates, 0-205 0-119 m-moles. 


Metabolites and its isomers 


Glucuronides. After the administration 
BHA there considerable increase the urinary 
excretion both combined phenols 
uronides that accounts for the excretion almost 
half the dose the phenolic glucuronide. This 
glucuronide excretion was not further increased 
the daily administration ml. 10% glucose 
solution stomach tube immediately after the 
BHA Siidhof, 1952). When the pure isomers 
BHA were given separately the glucuronide ex- 
cretions were the same obtained with the com- 
mercial mixture. The isolation and identification 
the glucuronides have been described above. 
probable that these glucuronides have the usual 
and this supported the 
hydrolysis gluco- 
siduronic acid 
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BHA either the pure isomers was excreted 
ethereal sulphates. The extent ethereal sulphate 
excretion after BHA could varied experimentally. 
When rabbit was maintained for some weeks 
low-sulphur diet showed increase ethereal 
sulphate excretion after dosage with BHA. The 
stomach tube along with the BHA resulted 
excretion much 20% the BHA the 
form ethereal sulphate (cf. Bray, Humphris, 
Thorpe, White Wood, 19526). (1-0 g.) 
had little any effect the sulphate excretion. The 
figures Tables are for animals maintained 
the standard diet described above. 

Free phenols. After dose commercial 
BHA either the isomers the increase ex- 
cretion free phenols corresponded about 
the dose. 

Mercapturic acids. consistent 
mercapturic acid excretion was found. 

The results determinations metabolites are 
summarized Table which shows that about 
the administered dose accounted for. 


increase 


Table Metabolites excreted rabbit urine 


expressed mean percentage the dose 
with number experiments brackets. 


Free phenols (8) 
Combined phenols (8) 
Glucuronides (8) 
Ethereal sulphates (5) 


Dose level Free Combined 
phenols phenols 
0-0 39-7 
4x10 48-0 
7x10 1-4 61-5 
11 x 0-5 0-0 58-6 


1956 
Effect varying the dose BHA 


The effect lowering the dose level from 1-0 
glucuronides, combined phenols and ethereal sul- 
phates shown Table 


Effect repeated doses BHA 


Between four and seven daily doses 
BHA were lethal rabbits. Table the re- 
covery the metabolites BHA set out for 
three experiments which the rabbit was given 
daily doses and for one experiment which 
the daily dose was 0-5 all these experiments 
the animals died. 


DISCUSSION 


the early stages this work the conventional 
procedure ether extraction rabbit urine 
remove free phenols, followed acid hydrolysis 
and further ether extraction the liberated phenols 
(cf. Bray Thorpe, 1954), was used. the first 
ether extract, the free phenol fraction, only traces 
BHA and phenolic materials normally found 
rabbit urine were identified paper chromato- 
graphy. The second ether extract, made after acid 
hydrolysis, contained tert.-butylquinol, traces 
BHA and considerable amounts yellow sub- 
stance which was separated paper chromato- 
graphy. This compound was isolated and its ultra- 
violet absorption was that 
quinone. The presence this quinone the con- 
jugated fraction and its absence from the free phenol 
fraction suggests that was formed during the 


Table Effect size dose BHA excretion metabolites 


expressed mean percentage the dose from four experiments. 


Dose Free Ethereal 

(g.) phenols Glucuronides sulphates Total 
0-25 18-9 84-4 18-1 121-4 
0-5 4-4 60-2 76-9 
1-0 38-9 9-7 51-9 


Table Excretion metabolites after repeated doses BHA 


Results expressed percentage the dose (single animals). 


Ethereal 
Glucuronides Total 
30-2 4-0 
13-9 62-8 
50-5 


+ 2 Q 
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hydrolysis and extraction processes. the usual 
hydrolytic procedure boiling the urine with 
for hr. BHA breaks down and has 
been isolated quinol, tert.-butylquinol and 
p-methoxyphenol. Similarly, p-methoxy- 
phenol and break down give 
quinol. Thus both the and the -C-tert.- 
butyl groups can removed under the conditions 
used acid hydrolysis. This breakdown BHA 
acid small comparison with the breakdown 
the phenolic moiety 2-tert.-butyl-4-methoxy- 
phenyl.glucosiduronic acid when this hydrolysed 
for hr. 100°. This hydrolysate con- 
tained more than ten phenolic substances (mainly 
unidentified) and much less 2-tert.-butyl-4-methoxy- 
phenol than expected. Some measure this 
chemical breakdown was obtained comparing 
analytical data for the hydrolysate. The Folin 
Ciocalteu method relatively non-specific and gave 
quantitative recovery phenols. The chloroimide 
reagent, the other hand, relatively specific and 
reacts with BHA but not with all its breakdown 
products; the hydrolysate this reagent gave 
recovery only 48% phenols. When this 
glucuronide was hydrolysed with 
both the Folin Ciocalteu and chloroimide methods 
gave identical recoveries. This showed that the 
acid hydrolysate least half the phenolic 
material was longer 2-tert.-butyl-4-methoxy- 
phenoi. 

The extensive breakdown the phenolic moiety 
acid acid hydrolysis provides explanation 
the findings made when the conventional ether 
extraction methods were used. The use these 
methods analysis might have led the conclusion 
that the phenols found after acid hydrolysis were 
originally present conjugates, when fact they 
were produced the chemical degradation 
acid. 
The production artifacts acid hydrolysis 
during isolation sterols from human urine has 
been described (cf. Marrian, 1951; Jones Stitch, 
1953; Brown, 1955). 

With 2-tert.-butyl-4-methoxyphenol the insolu- 
bility the barium salt the glucuronide allowed 
the isolation the total glucuronide this 
salt isolated from 1-20 indicated 
glucuronide analysis). This sets upper limit 
any glucuronide formed from modified form this 
isomer less than the administered dose. 
With BHA the independent estimations gluc- 
uronides plus ethereal sulphates gave recovery 
the dose, which agrees closely with the 
for the combined phenols. The amount 
undetected phenolic material urine after 
dose BHA not likely exceed the errors 
determinations given Table i.e. the amount 
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likely less than 152 mg. This comparatively 
large figure measure the variation found when 
increases glucuronide phenol excretion above 
basal levels are determined non-specific methods. 
These methods provide useful indication what 
metabolites may present, and rough measure 
the amounts expected. Thus figure 
46-4% dose excreted glucuronide 
(Table derived from increase 464 mg. 
above normal daily excretion 71+29. The 
utility the method greatly diminished where the 
increase above basal levels small, e.g. 
excreted free phenol based increase 
0-328 0-280 m-mole above the basal level 
These difficulties are still greater 
when low dose levels are given. 

This account the metabolism BHA part 
study additive for human food. The identifi- 
cation the main metabolites glucuronides, and 
the rise the proportion excreted glucuronides 
lowered from 0-5 0-25 reassuring. Less 
satisfactory are the findings that recoveries 
glucuronides are less complete after repeated doses 
and that four five daily doses rabbit 
have cumulative and lethal effects. This shows the 
need for further studies the metabolism BHA 
much lower dose levels; but, for this, methods 
other than those used this paper will have 
developed. These methods might include chromato- 
graphic separation the conjugates themselves 
and the use enzymes hydrolyse the conjugates 
either the urine after separation. 


SUMMARY 


The metabolism the antioxidant, butylated 
hydroxyanisole (BHA), and its component 
isomers, and 3-tert.-butyl-4-methoxyphenol has 
been studied the rabbit. 

After BHA mouth, rabbits excreted 
46% glucuronides, ethereal sulphates 
and free phenols. The recovery glucuronide 
dose. 

After repeated doses and 0-5 g., recovery 
BHA glucuronide was lower than after single 
doses. 

The glucuronides the two BHA isomers 
have been isolated from the urine barium (2- 
glucosid)uronate and 
barium (3-tert.-butyl-4-methoxyphenyl glucosid)- 
uronate. 

breaks down p-methoxyphenol 
and quinol. 

Hydrolysis 
acid with results the 
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destruction least half the 
methoxyphenol and the production more than 
dozen other phenolic compounds. 


The authors desire thank Campbell, Chemistry 
Department, University Otago, who did the micro- 
analyses. 


REFERENCES 


Bray, G., Humphris, G., Thorpe, V., White, 
Wood, Biochem. 52, 412. 

Bray, G., Humphris, G., Thorpe, V., White, 
Wood, Biochem. 52, 419. 

chemical Analysis, vol. 27. Ed. Glick, New 
York: Interscience Publishers Inc. 

3rown, (1955). Biochem. 185. 

60, 346. 

Folin, Ciocalteu, (1927). biol. Chem. 73, 627. 


Nomenclature Enzymes 


The Second International Conference Bio- 
chemical Problems Lipids was held between 
and July 1955, the University Ghent, 
Belgium. special meeting* was convened this 
Conference discuss problems enzyme nomen- 
clature the fatty acid field and the following 
recommendations were made. 


Principles nomenclature 


that these enzymes should 
named according the systematic chemical 
nomenclature for the substrate substrates acted 
upon and the overall reaction catalysed. The 
mechanism the reaction need not implicit 
the name the enzyme, since present-day con- 
cepts reaction mechanism may change. 

desirable follow unwritten conven- 
tions where these already exist. Thus, while 
might appear desirable denote enzymes according 
the favoured equilibrium the reactions, the 
convention already exists that all enzymes catalys- 
ing reduction oxidation should called dehydro- 
genases, whether the equilibrium the reaction 
favours reduction oxidation. 

Since fatty acids are generally metabolized 
combination with coenzyme considered 
unnecessary include coenzyme the termin- 
ology. However, since the substrate not the free 
acid, that the name the acid 
radical used denote the substrate. 

Examples: Butyryl dehydrogenase (an enzyme 
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Fatty Acid Metabolism 


acting butyryl-coenzyme A); butyric dehydro- 
genase (an enzyme acting free butyric acid). 

Most the enzymes fatty acid metabolism 
act upon several substrates derived from fatty acids 
differing chain length. that 
the enzyme named after that chain length for 
which shows the highest affinity, or, one 
optimum chain length cannot then 
after the range chain lengths involved. 

considered substrate the reaction (either 
explicity implicitly), the term denoting the 
function the enzyme should preceded the 
prefix ‘thio’. 


Individual enzymes fatty acid metabolism 


Individually the enzymes concerned fatty acid 
metabolism are considered under five headings 
according the reactions they catalyse. These are 
(1) activation, (2) condensation and cleavage, (3) 
reduction and oxidation, (4) hydration and de- 
hydration and (5) transfer reactions. 

(1) Activating enzymes. The reaction catalysed 
Fatty acid+ 

fatty AMP. 


The following abbreviations are used this paper: 
ATP, adenosine triphosphate; ADP, adenosine diphos- 
phate; AMP, adenosine monophosphate; CoA, coenzyme 
inorganic pyrophosphate; DPN and DPNH, oxidized 
and reduced diphosphopyridine nucleotide respectively; 
FAD and FADH,, oxidized and reduced flavine-adenine 
dinucleotide respectively. 
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called thiokinases, with prefix denoting the main 
substrate attacked. Thus, the acetate-activating 
enzyme (Lipmann, 1945) called acetic thiokinase 
(not acetyl thiokinase). The other two enzymes 
known this group, one with chain-length 
optimum Green, 1954) and one with 
optimum (Kornberg Pricer, 1953) are called 
accordingly octanoic (caprylic) thiokinase and 
(lauric) thiokinase respectively. These 
enzymes present are generally referred 
acetate-activating enzyme (AAE) and fatty acid- 
activating enzymes (FAAE). 

was further agreed that these activating 
enzymes should called thiokinases, whether the 
split ATP resulted pyrophosphate 
enzyme which activates succinic acid (Kaufmann, 
1951) according the reaction 


called succinic thiokinase. 

(2) Condensation and cleavage enzymes. The reac- 
tion catalysed these enzymes can represented 

CoA. 

These enzymes have been described formerly 
under the names (Lynen, 
Wessely, Wieland Rueff, 1952) and 
CoA cleavage enzyme’ (cf. Green, 1954). 

The term thiolase considered the most appro- 
priate name for this class enzymes, expresses 
the essentially thiolytic nature the reaction, the 
equilibrium which far the direction 
cleavage. 

The recommended generic name 
thiolase. 

Examples: acetoacetyl thiolase 
thiolase thiolase). 

(3) Enzymes catalysing oxidations and reductions. 
There are two reactions considered this class, 
represented 


(6) Saturated fatty acyl-CoA+FAD= 


reaction have been 
described variously (Lynen al. 
1952), B-ketohydrogenase (Lynen, Wieland, 
1954), (Lynen, 1953a, 1954), and 
B-hydroxyacyl-CoA dehydrogenase (cf. Green, 

The recommended generic name for enzymes 
dehydrogenase. 
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Example: dehydrogenase. 

Enzymes catalysing reaction have been 
described under the terms ‘ethylene reductase’ 
(Seubert Lynen, 1953); ‘butyryl-coenzyme 
dehydrogenase’ (green enzyme) and ‘fatty acyl- 
coenzyme dehydrogenases’ (yellow enzymes, 
and Y,) (cf. Green, 1954). 

The recommended generic name for enzymes 
catalysing reactions type acyl dehydro- 
genase. 

Example: Butyryl dehydrogenase. 

(4) Enzymes catalysing hydration and dehydration. 
The reaction catalysed can represented as: 


unsaturated fatty 


enzyme catalysing this type reaction has been 
described ‘unsaturated fatty acyl coenzyme 
hydrase’ (cf. Green, 1954) and ‘crotonase’ 
(Stern del Campillo, 1953) analogy with 
fumarase. 

Enoyl hydrase (or Enoyl Hydratase German) 
recommended the generic name for this group 
enzymes. 

Examples: crotonyl hydrase (but-2-enoyl hydrase) 
oct-2-enoyl hydrase. 

Since crotonyl hydrase has now been obtained 
crystalline form (Stern, Raw del Campillo, 1954; 
Stern Ochoa, 1956) and, although broad 
specificity, most active crotonyl-CoA, has 
been agreed that the term ‘crotonase’ may 
retained the trivial name for this enzyme. 

(5) Transferring enzymes. Three reactions are 
known this group: 


(a) Propionate (or butyrate) acetyl-CoA 
(or butyryl)-CoA acetate 


(b) Acetoacetate succinyl-CoA 
acetoacetyl-CoA succinate 


(c) Butyrate succinyl-CoA 
butyryl-CoA succinate. 


Previously, these enzymes were called either 
‘CoA transphorase’ (Barker, 1951) ‘CoA trans- 
ferase’ (Stern, Coon del Campillo, 1953). They 
may considered coenzyme A-transferring en- 
zymes, and accordingly thiophorase 
generic name for them. The systematic names 
for the enzymes catalysing the reactions listed 
this group are thus: (a) propionyl—acetic thiophorase 
(or generally: fatty thiophorase); (b) 
thiophorase; and (c) 
succinic thiophorase. 

The differentiation denoting the acid sub- 
strates this instance has been 
dictated the equilibrium the reactions; 
propionic, butyric and acetoacetic acids are more 
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efficient acceptors CoA than are acetic succinic 
acids. 

These recommendations will reconsidered 
due course the Commission Enzymes the 
International Union Biochemistry. 
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Benzimidazole derivatives disrupted staphylococcal cells 

Benzylpenicillin, synthesis of, washed mycelium 
Penicillium chrysogenum (Halliday, Arnstein, 
380 

Bile acids, formation of, from dihydroxy steroids (Lind- 
stedt, 

Bile acids with extended side chains, partial synthesis 
(Bridgwater, J.) 593 

Bismuthate treatment urines, role chloride and urea 
(Norymberski, Stubbs, D.) 176 

Bladder, metabolism tryptophan patients suffering 
from cancer (Boyland, Williams, C.) 578 

Blood group substance, appearance specificity 
following enzymic inactivation (Watkins, M.) 

Blood domestic fowl, p-glucose (Bell, J.) 

Blood, stored, chemical changes in, and effects adenosine 
upon (Prankerd, J.) 209 

Bombyx mori, ‘malic’ enzyme (Faulkner, P.) 430 

Bradykinin, purification cf, ion-exchange chromato- 
graphy (Andrade, Rocha Silva, M.) 701 

differentiation esterases in, use organo- 
phosphorus inhibitors (Myers, K.) 740 

Brain, rat, changes with age protein composition 

Bromine, reaction of, with pyrimidine compounds (Cohn, 

reaction, identification the product glucose 
with glycine (Richards, L.) 639 

and 3-tert.-Butyl-4-methoxyphenol, metabolism of, 
rabbit (Dacre, C., Denz, Kennedy, H.) 

Butylated hydroxyanisole, metabolism of, rabbit (Dacre, 

n-Butylbenzene, metabolism of, rabbit (El Masry, M., 


Cabbage, S-oxide) (Synge, 

Calcium, effect of, swelling rat-liver mitochondria 
(Fonnesu, Davies, E.) 769 

Calcium glucose 1-phosphate, dissociation (Clarke, 

Calcium-binding agents, effect of, swelling rat-liver 
mitochondria (Fonnesu, Davies, E.) 769 

Canavalia ensiformis see Jack bean 

Cancer bladder, metabolism tryptophan patients 
suffering from (Boyland, Williams, 578 

Candida utilis, polyol dehydrogenases (Arcus, 
Edson, L.) 385 

Carbamides, biological, characterization (Fearon, 

Carbamyl phosphate, detection (Boggust, 
Fearon, 

Carbon dioxide fixation Rhodospirillum rubrum, use 

Carbon dioxide, fixation of, extracts 

denitrificans (Trudinger, A.) 274 
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Carotenoids, nature of, photosynthetic bacterium Rhodo- 
pseudomonas spheroides (Goodwin, W., Land, 
Sissins, E.) 486 

Carrot slices, uptake amino acids (Birt, Hird, 
305 


Catalase, formation of, Staphylococcus aureus (Creaser, 


539 
Catalase mouse liver, studies (Adams, Berry, 
492 


Catalase solutions, effects (Sutton, C.) 
447, 456 

Cellulase gastro-intestinal fluid snail (Keilin, J.) 
663 

Cerebral tissues, isolated, composition H., 
Thomas, Bell, L.) 332; (Thomas, J.) 335 

Chick embryo, developing, glutamic dehydrogenase 
(Solomon, B.) 

Chicks, growth of, activity vitamin analogues 
(Coates, E., Davies, K., Dawson, R., Harrison, 
682 

Chloride, role of, bismuthate treatment urines (Norym- 
berski, Stubbs, D.) 176 

Chlorin isolation of, from bacterial cytochrome (Barrett, 
J.) 626 

p-Chloromercuribenzoate, effect of, swelling rat-liver 
mitochondria (Dickens, Salmony, D.) 645 

Cholesterol, origin carbon atoms (Cornforth, W., 

Cholesterologenesis, diabetic, possible role pantothenic 

Cholinesterases bovine plasma (Hardwick, 

Chondroitin sulphate, effects of, prostatic acid phos- 

Chromatography dish, capiliary tripod circular (Kawerau, 

Chromatolysis, changes nucleic acid content ganglion 
cells during (Causey, Stratmann, J.) 

Chromobacterium violaceum, new amino sugar present 
specific polysaccharides some strains (Crumpton, 

site action inhibitors (Hartley, 

Citrate, effects synthetic fluoro compounds meta- 
bolism (Gal, M., Peters, Wakelin, W.) 
161 

Citrate, synthesis of, from glycollate Pseudomonas 
(Jayasuriya, 469 

acid fermentation, carbohydrate metabolism 
(Jagannathan, V., Rangachari, Damodaran, M.) 
477 

Citrulline, penetration of, into liver slices (Bronk, 
Fisher, B.) 106 

Citrulline, role of, urea synthesis (Bronk, Fisher, 
B.) 111 

Claviceps purpurea, biosynthesis ergothioneine and histi- 
dine (Heath, Wildy, J.) 612 

Clover, white, cytoplasmic protein (Lyttleton, W.) 

Cod liver, isolation nucleotide related adenylo- 

Codling, anserinase and other dipeptidase activity 
skeletal muscle (Jones, R.) 

Collagen, formation and removal of, carrageenin granu- 

Collagen-forming cells vitro, formation 
Fitton) 

Comirin, improved methods for preparation of, from 

cultures Pseudomonas antimycetica (Gordon, J., 
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y-Coniceine, separation and micro-estimation (Cromwell, 
259 

Conium maculatum see Hemlock 

compounds, com- 

Corticosteroids, indirect analysis (Norymberski, 
Stubbs, R. D.) 168, 176 

Corticotrophins, pyridine acetate buffers for chromato- 
graphy of, carboxylic ion-exchange resin (Dixon, 

Cortisone, effect of, active uptake potassium and 
excretion sodium from red corpuscles rat (O’Brien, 

Cozymase isolated cerebral tissues 
Thomas, Bell, L.) 332 

Creatine phosphate: factors affecting its synthesis cere- 
bral tissues (Thomas, J.) 335 


Creatine phosphate isolated rat diaphragm, effects 


589 

Cyanide, effect of, inactivation catalase 
(Sutton, H.C.) 456 

Cytidine diphosphate glycerol, isolation of, from Lacto- 
bacillus arabinosus (Baddiley, J., Buchanan, G., Carss, 

Cytidine diphosphate ribitol, isolation of, from Lactobacillus 
arabinosus (Baddiley, J., Buchanan, G., Carss, B., 
Mathias, Sanderson, R.) 599 

Cytochrome prosthetic group (Barrett, J.) 626 

hrome 
(Keilin, J.) 663 

Cytochrome system plasma membrane Staphylococcus 
aureus (Mitchell, Moyle, J.) 

Cytochromes and from Azotobacter vinelandii, purifica- 


Jeffrey, W.) 


radiation 


tion, some properties and specific biological activity 


(Tissiéres, A.) 582 


catalytically active haemoproteins, with 
te o (Sk r.E.C.) 35 

Cytoplas mic particles from wheat roots, enzymic and 


chemical properties (Martin, Morton, K.) 
687 


(Hughes, E.) 203 
7-Dehydroc absorption of, rat (Glover, 
Stainer, D.) 
11-Deoxycorticosterone, role fumarate 
phopyridine nucleotide enzymic 
(Grant, K.) 559 
Deoxycortisone acetate, 


Deoxyribonuclease, liver, effect hypophysectomy, 
growth-hormone treatment and adrenalectomy 
(Stevens, Reid, E.) 735 

Deoxyribonucleic acid non-growing rat livers, stability of, 
A.) 

Dephosphorylations yeast and their inhibition various 
agents (Stickland, L. H.) 515 

Detoxication, fungal (Byrde, 
Woodcock, D.) 154 

Diabetic cholesterologenesis, possible role pantothenic 

Diamine oxidase, pyridoxal phosphate coenzyme 
(Davison, N.) 546 

Diaminopimelic acid, lysine and their analogues mutants 
Escherichia coli, interrelationships between (Meadow, 

Diaphragm, isolated rat, effects salicylate creatine 
phosphate and adenosine triphosphate (Smith, 
Jeffrey, W.) 589 


purification and physical properties 


effect of, active uptake 
potassium and excretion sodium from red corpuscles 


1956 

steroids, formation bile acids from (Lind- 
stedt, 

Dimethylnitrosamine, metabolism (Magee, 676 

Dinitrophenol, effect of, respiration, fermentation and 
phosphorylation yeast (Stickland, H.) 503 

Dipeptidase activity skeletal muscle codling (Jones, 

Dissociation equilibria biologically important compounds, 
thermodynamic quantities for (Clarke, Datta, 
604 

Disulphides, reactions of, with sodium sulphite (McPhee, 
J.R.) 

Dogfish, piked, demonstration acid mucopolysaccharides 

Dubnoff shaker, modified (Leytham, Randle, J.) 
32P 

Dulcitol, oxidation of, enzymes Pseudomonas 


Earthworm cuticle, chemical composition (Watson, 

activity and metals (symposium) 

complexes co-ordination com- 

Enzymes fatty acid metabolism, nomenclature 782 

Epimerase from animal tissues (Dickens, Williamson, 
567 

Eremothecium ashbyii, utilization serine for 
riboflavin biosynthesis (Goodwin, Jones, 

Ergothioneine, biosynthesis of, Claviceps purpurea 
(Heath, Wildy, J.) 612 

Erythrocytes, changes in, storage (Prankerd, J.) 
209 

Erythrocytes, mammalian, (Klebanoff, 

Escherichia coli, interrelationships between diaminopimelic 
acid, lysine and their analogues mutants (Meadow, 

Escherichia coli, synthesis indole washed cell suspen- 
sions (Gibson, F., Jones, Teltscher, H.) 132 

Escherichia coli, turnover protein (Mandelstam, J.) 
voP 

Esterases pancreas and brain, differentiation of, use 
organophosphorus inhibitors (Myers, K.) 740 

thylbe nzene, metabolism of, rabbit (El Masry, M., 

Ethy inhibition adenosine tri- 

Ethylenediaminetetraacetate actomyosin systems (Perry, 


Fat, dietary, effect of, various signs vitamin 
deficiency rat (Moore, T., Sharman, Ward, 

Fat, synthesis (James, T., 
M.) 726 

Fatty acid metabolism, nomenclature enzymes 782 

Fatty acid, metabolism (James, T., Peeters, 
Lauryssens, M.) 726 

Fatty acids, bacterial oxidation of, alkaline (Burness, 

Fatty acids, branched-chain, mutton fat (Hansen, P., 
Shorland, F. B. & Cooke, N. J.) 214 

Fatty acids homogenates mammary gland, effect 
fumarate and p-nitrophenol synthesis (Terner, C.) 
532 

Fatty acids, iso- and the and C,, series 
from shark-liver oil, isolation (Morice, Shor- 
land, B.) 461 


Peeters, Lauryssens, 


Fatty acids, volatile, bovine-muscle and -liver phospho- 


lipids (Hawke, 
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Fish-liver oils, Indian fresh-water, vitamin (Balasun- 
darum, Cama, R., Sundaresan, Varma, 
150 

Fluoride, protection succinic dehydrogenase thiol groups 

Fluorimeter suitable for estimation intermediary meta- 
bolites (Greengard, Payne, C.) 

Fluorimetric estimation intermediary 
(Greengard, P.) 

Fluoro compounds, synthetic, effects of, metabolism 
acetate and citrate (Gal, M., Peters, A., Wakelin, 

161 

Formaldehyde titration, application of, 
values compounds containing 
basic groups (Lewin, 8.) 

incorporation of, into nucleic acids 
Ehrlich ascites carcinoma mouse (Thomson, Y., 

Fructo-oligosaccharides synthesized Aerobacter levani- 
cum sucrase, structure (Feingold, Avigad, 
Hestrin, 351; (Hestrin, Feingold, Avigad, 
G.) 340 

Fumarate, effect of, synthesis fatty acids homo- 
genates mammary gland (Terner, C.) 532 

Fumarate, role of, enzymic 11- 
deoxycorticosterone (Grant, K.) 559 


metabolites 


assignment 
acid groups and 


Gadus callarias see Codling 

Galactitol dehydrogenase Pseudomonas sp. (Shaw, 
394 

methyl into ascorbic acid (Mapson, 

formation of, Staphylococcus aureus 
(Creaser, H.) 539 

p-Galacturonic acid ester, successive conversions of, 
into and ascorbic acid (Mapson, 

Galeorhinus australis see Shark 

Ganglion cells, changes nucleic acid content of, during 
chromatolysis and after stimulation (Causey, 
Stratmann, 

*Gas flow counter, windowless 
(Piper, A.) 

Geiger counter, windowless flow-type, for assay solid 
materials containing soft isotopes (Banks, 
E., Blow, Francis, E.) 408 

y-Globulin, bovine, fractionation of, partition chromato- 

Globulin, plasma, distribution and turnover of, female 
baboon (Cohen, 286 

y-Globulins, nature of, lymphadenoid goitre (Roitt, 

B-Glucosans, action culture filtrates the fungus 
Myrothecium verrucaria (Aitken, A., Eddy, P., 

and glycine the ‘dry’ state, reaction between, 
non-enzymic browning (Richards, L.) 639 

Glucose animal tissues, chromatographic determination 
(Gey, F.) 145 

p-Glucose blood domestic fowl (Bell, J.) 

Glucose rat tissues, compared with total reducing sub- 
stances (Gey, F.) 145 

Glucose 6-phosphatase activity, effect certain hormonal 
treatments (Harper, E.) 

Glucose 6-phosphatase, liver, effect hypophysectomy, 
growth-hormone treatment and adrenalectomy (Reid, 

Glucozymase, formation of, Staphylococcus 

(Creaser, H.) 539 


with automatic recording 


aureus 


Glucuronides steroids, organic acids 
enzymic synthesis (Dutton, J.) 693 
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transaminations with, fresh extracts 
animal tissues (Rowsell, V.) 235 

Glutamic dehydrogenase developing chick embryo 
(Solomon, B.) 

Glutamine, nitrogen source synthesis urea (Bach, 
Smith, M.) 417 

Glutathione, metabolism of, 
(Klebanoff, J.) 425 

Glycerol, oxidation of, polyol dehydrogenases (Arcus, 

Glycerylphosphorylcholine, enzymic formation of, rat 
liver (Dawson, 192 

Glycerylphosphorylethanolamine, enzymic formation of, 
rat liver (Dawson, 192 

Glycine and the ‘dry’ state, reaction between, 
browning (Richards, L.) 639 

Glycine incorporation disrupted staphylococcal cells 

Glycollate, synthesis citrate from, Pseudomonas 
(Jayasuriya, 469 

Glyoxalase blood, determination (Klebanoff, J.) 
425 

Goitre, lymphadenoid, nature y-globulins (Roitt, M., 

Grass pollen antigens, ‘complete’ and ‘incomplete’, 
relation skin reactivity and other pollen constituents 
(Augustin, 

Guanosine 5’-monophosphate, biosynthesis of, pigeon 
liver preparations (Blumsom, L.) 


mammalian erythrocytes 


Haemin, isolation of, from bacterial cytochrome (Barrett, 
J.) 626 

catalytically active, with special reference 

Hartnup disease, and other indole 

Heart-muscle sare spec trophotometric evidence 
for presence pyridine nucleotide (Holton, A.) 
57P 

Helicorubin, purification 
(Keilin, J.) 663 

pomatia, isolation helicorubin and cytochrome 
from (Keilin, J.) 663 

Helminthosporium tritici-vulgaris, structure and synthesis 
anthraquinone colouring matter (tritisporin) 
(Neelakantan, Pocker, Raistrick, H.) 464 

Hemlock, separation, micro-estimation and distribution 
alkaloids (Cromwell, 259 

Heterotrophic bacteria, actual nitrogen sources for growth 

n-Hexanamide, effect hydrolysis of, amidase 
rabbit liver (White, K.) 

Hexitols, oxidation of, enzymes Pseudomonas sp. 
(Shaw, D.) 394 

Hexitols, oxidation of, polyol dehydrogenases (Arcus, 

Hippuric acid, estimation of, urine (El Masry, M., 

Histaminase, pyridoxal phosphate coenzyme (Davi- 
son, 546 

Histidine, biosynthesis of, Claviceps purpurea (Heath, 
Wildy, J.) 612 

Histidine decarboxylase, mammalian, 
solvents (Waton, 318 

Homocysteine, use of, estimation 
acid (Hughes, E.) 203 


and physical properties 


effect organic 


dehydroascorbic 


cursors into protein and ribonucleic acid liver cyto- 
plasm (Reid, E., O’Neal, A., Stevens, Burnop, 

Hydrogen peroxide, effect of, on inactivation of catalase by 
radiation (Sutton, C.) 447, 456 
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17-Hydroxyandrostan, oxidation of, bismuthate 
presence chloride (Norymberski, Stubbs, D.) 
176 

isolation of, from 
urine normal men (Fotherby, K., Colas, A., Atherden, 

2-p-Hydroxyphenylethanol see Tyrosol 

collagen-forming cells vitro (Smith, Jackson, 
Fitton) 

5-Hydroxytryptamine, excretion of, human urine (Rod- 
night, R.) 621 


p-Iditol dehydrogenase Pseudomonas sp. (Shaw, D.) 
394 

Imino groups, acid, 
(Lewin, 

Indole, synthesis of, washed cell suspensions Escheri- 
chia coli (Gibson, Jones, Teltscher, H.) 132 

Indoles, urinary, resembling 5-hydroxytryptamine and 
tryptamine, separation and characterization (Rod- 
night, R.) 621 

Indoles, urinary, two-dimensional paper chromatography 
(Dalgliesh, E.) 481 

Indolylacetyl-glutamine Hartnup disease (Jepson, B.) 

acid, chemical and physiological proper- 
ties (Bentley, A., Farrar, R., Housley, 

Inositol germinating oats, determination free and 

thorne, N.) 

phosphate, presence of, liver (Haw- 

Insulin, oxidized, chromatography trypsin-digested 


interaction of, with formaldehyde 


Insulin pep 

Jon-exchange reagent for use chromatography large 
peptides (Feitelson, Partridge, M.) 607 

Isotopes, soft windowless flow-type Geiger 
counter for assay solid materials containing (Banks, 
E., Blow, Francis, E.) 408 


Jack bean, nitrogen metabolism (Johnstone, 
Jaffé reaction, modification of, for determination 
acid (Shuster, L.) 101 


Keratin monomer, purified feather, preparation (Woodin, 
A.M.) 

acids, estimation of, plant tissue (Isherwood, 
Niavis, A.) 549 

Kidney cortex, cell-free suspension of, effect phosphate 
acceptors, p-nitrophenol and arsenate (Terner, C.) 523 


Lactic acid oxidase mycobacteria (Cousins, B.) 297 
Lactobacillus arabinosus, isolation cytidine diphosphate 
glycerol, cytidine diphosphate ribitol and mannitol 
1-phosphate from (Baddiley, J., Buchanan, G., 
Carss, B., Mathias, Sanderson, R.) 599 
Lens, acidic peptides (Waley, G.) 715 
Leucine, tritium-labelled, investigations rat serum 
albumin marked with (Done, Payne, R.) 266 
actual nitrogen sources for 
growth of, non-limiting media (Warner, I.) 
Levan synthesized Aerobacter levanicum sucrase, struc- 
ture (Hestrin, Feingold, Avigad, G.) 
340 
Levansucrase from 
specificity (Hestrin, 
340 


Aerobacter levanicum, donor-acceptor 
Feingold, Aviad, G.) 
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Levansucrase system, isolation and probable structures 
oligosaccharides formed from sucrose (Feingold, 
Avigad, Hestrin, 351 

Liver, acute necrosis of, dimethylnitrosamine (Magee, 
676 

Liver cytoplasm, hormonal influences incorporation 
injected precursors into protein and ribonucleic acid 
(Reid, E., A., Stevens, Burnop, 

Liver enzymes, effect hormones (Reid, E., 
Lewin, I.) 730 

Liver, isolated perfused rat, catabolism certain plasma 
proteins studied means (Gordon, H.) 

Liver, mechanism urea synthesis (Bach, 
Smith, M.) 417 

Liver mitochondria vitro, prevention swelling 
(Fonnesu, Davies, E.) 769 

Liver mitochondria, media for study metabolism 
(Aldridge, 

Liver mitochondria, movements water and ions 
(Price, A., Fonnesu, Davies, E.) 754 

Liver mitochondria, rat, water content (Harrington, 

Liver nuclei, rat, enzymic properties (Roodyn, B.) 
361, 368 

Liver phospholipids, bovine, volatile fatty acids (Hawke, 
J.C.) 

Liver, presence inositol-containing phosphate (Haw- 

Liver slices, penetration ornithine and citrulline into 
(Bronk, Fisher, B.) 106 

Liver, studies catalase (Adams, Berry, E.) 
492 

Lysine, diaminopimelic acid and their analogues 
mutants Escherichia coli, interrelationships between 
(Meadow, Work, E.) 


Magnesium, effect of, swelling rat-liver mitochondria 
(Fonnesu, Davies, E.) 769 

Magnesium levels, ased, changes muscle composition 
associated with (Hingerty, D.) 

phatase, effects substrate and certain 

Maleic anhydride study naturally occurring isomers 
vitamin (Plack, A.) 

enzyme insect blood (Faulkner, P.) 430 

Mammary gland, cell-free suspension of, effect phosphate 
acceptors, p-nitrophenol and arsenate (Terner, C.) 

Mammary gland, effect fumarate and p-nitrophenol 
synthesis fatty acids homogenates (Terner, 
532 

Manganese, effect of, swelling rat-liver mitochondria 
(Fonnesu, Davies, E.) 769 

Mannitol isolation of, from Lactobacillus 
arabinosus (Baddiley, Buchanan, G., Carss, B., 
Mathias, Sanderson, R.) 599 

Manometric assay monoamine oxidase, 
interfere (Creasey, H.) 178 

complexes, nature of, aqueous solution 
and their relation proteolytic activity (Rabin, R.) 
33P 

and enzyme activity (symposium) 33P 

role of, oxidations catalysed xanthine oxidase 
and other metalloflavoproteins (Bergel, Bray, C.) 
34P 

§Metals, univalent, and other loose non-specific activa- 

separation and micro-estimation 


factors which 


(Cromwell, T.) 259 


Vol. 


isolation of, from 

Methylglyoxal, relation of, glyoxalase (Klebanoff, J.) 
425 

16-Methylheptadecanoic isolation (Hansen, P., 
Shorland, Cooke, J.) 214 

Methylhexadecanoic acids, of, from shark-liver oil 
(Morice, Shorland, B.) 461 

N-Methylindole, non-enzymic synthesis of, under 
logical’ conditions (Hartley-Mason, Archer, 

acids, isolation of, from shark-liver 
oil (Morice, Shorland, B.) 461 

Microdiffusion units, vibrating table for use with (Conway, 
J.) 

Microsomes from silver beet, chemical composition 

Milk fat, formation (James, T., 
Lauryssens, M.) 726 

Mitochondria, effects thyroid hormones vitro 
swelling (Dickens, Salmony, D.) 645 

Mitochondria from silver beet, chemical composition 

Mitochondria, liver, vitro, prevention swelling 
(Fonnesu, Davies, E.) 769 

Mitochondria, liver, media for study metabolism 
(Aldridge, N.) 

Mitochondria, movements water and ions (Price, 
A., Fonnesu, Davies, E.) 754 

Mitochondria, study internal solutes of, rapid centri- 
fugal transfer fixation medium (Werkheiser, 
Bartley, W.) 

Monoamine oxidase, factors which interfere manometric 

re obenzenes, metabolism of, in rabbit (Bray, 


Peeters, 


Mucopolysaccharides, acid, demonstration of, glands 
Lorenzini piked ‘dogfish (Jensen, E.) 

Muscle composition associated with increased magnesium 
levels, changes (Hingerty, D.) 

Muscle phospholipids, bovine. volatile fatty 
(Hawke, 311 

Mutton fat, branched-chain fatty acids (Hansen, P., 
Shorland, Cooke, J.) 214 

Mycobacteria, lactic acid oxidase (Cousins, B.) 297 

Myofibrillar adenosine triphosphatase, magnesium-acti- 
vated, effects substrate concentration and certain 

Myokinase mammary gland (Terner, C.) 523 

Myokinase, purification (Callaghan, H.) 

Myrothecium verrucaria fungus, action culture filtrates of, 
(Aitken, A., Eddy, P., Ingram, 
Weurman, 


acids 


w-(2-Naphthyloxy)-n-alkylearboxylic acids, metabolism of, 
Woodcock, D.) 154 
isoNicotinyl hydrazide, 
activity (Davison, N.) 


inhibition diamine oxidase 


546 


Nitrocatechol sulphate, hydrolysis of, 
phatase (Roy, B.) 651 
Nitrogen metabolism jack bean (Johnstone, H.) 


Nitrogen metabolism sheep (Annison, F.) 705 


Nitrogen sources for growth heterotrophic bacteria 

p-Nitrophenol, effect of, synthesis fatty acids 

homogenates mammary gland (Terner, C.) 532 

-Nitrophenol, effects of, respiration, phosphorylation 
and Pasteur effect cell-free suspensions (Terner, C.) 

523 
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p-Nitrophenyl sulphate, hydrolysis of, ox-liver sul- 
phatase (Roy, B.) 651 

Nomenclature enzymes fatty acid metabolism 782 

Nucleic acid content ganglion cells, changes in, during 
chromatolysis and after stimulation (Causey, 
Stratmann, 

Nucleic acids, distribution of, cells silver beet (Martin, 

Nucleic acids Ehrlich ascites carcinoma mouse, incor- 
poration into (Thomson, Y., Smellie, 

Nucleotides human blood platelets (Fantl, Ward, 
747 


Oats, germinating, determination free and combined 
inositol (Darbre, Norris, W.) 441 

Oligosaccharides, test for type linkage (Feingold, 

Ophthalmic acid, presence of, lens (Waley, G.) 715 

Ornithine, penetration of, into liver slices (Bronk, 
Fisher, B.) 106 

Ornithine, role of, urea synthesis (Bronk, 
111 

transaminations with, 
animal tissues (Rowsell, V.) 235 


Fisher, 


fresh extracts 


Pancreas, differentiation esterases in, use organo- 
phosphorus inhibitors (Myers, K.) 740 

Pantothenic acid, possible role of, diabetic cholesterolo- 
genesis (Mookerjea, Sadhu, P.) 

Pasteur effect normal yeast and its inhibition various 
agents (Stickland, 503 

Pear cell-wall polysaccharides, changes amounts of, 
during ripening (Jermyn, Isherwood, A.) 123 

Pear cell-wall xylan, isolation (Jermyn, 


Niavis, 


Penicillin, biosynthesis of, washed mycelium 
cillium chrysogenum (Halliday, Arnstein, V.) 
380 

Penicillin, effect cyanide biosynthesis (Halliday, 


Penicillium chrysogenum, synthesis benzylpenicillin 


Peni- 


washed mycelium (Halliday, Arnstein, 
V.) 380 

Pentose, formed from hexose diphosphate extracts 
Thiobacillus denitrificans (Trudinger, A.) 274 

Pentose phosphate isomerase and epimerase from animal 
tissue (Dickens, Williamson, H.) 567 

Peptides, large, ion-exchange reagent for use chromato- 

Peptides, occurrence of, lens (Waley, 715 

sulphates, substituted, hydrolysis of, arylsul- 
phatase Alcaligenes metalcaligenes (Dodgson, 
Spencer, Williams, K.) 216 

Phosphatase, prostatic acid, effects chondroitin sulphate 
and related substances (Jeffree, 

Phosphate acceptors, effects of, respiration, 
ation and Pasteur effect cell-free suspensions (‘Terner, 
C.) 523 

Phosphate esters stored erythrocytes (Prankerd, 
209 

Phosphate, protection succinic thiol 

Phosphohexoisomer ase silkworm blood (Faulkner, 
436 

Phospholipids, bovine-muscle and -liver, volatile 
acids (Hawke, 311 

Phosphorylation, oxidative, effects of thyroid hormones 
vitro (Dickens, Salmony, D.) 645 
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Phosphorylations yeast and their inhibition 
agents (Stickland, H.) 515 
Plants, occurrence 
(Fowden, L.) 323 

Plasma protein distribution and turnover female baboon 
(Cohen, 8.) 286 

Platelets, human blood, nucleotides (Fantl, Ward, 
A.) 747 

Polyol Acetobacter suboxydans and 
Candida utilis Edson, L.) 385 

Polyol dehydrogenases Pseudomonas sp. (Shaw, D.) 
394 

Polyols, oxidation of, enzymes Pseudomonas sp. 
(Shaw, D.) 394 

Polysaccharide production from sucrose, mechanism 
Feingold, Avigad, G.) 340 

Polysaccharide reserves baker’s yeast (Stickland, H.) 
498 

Polysaccharides, micro method for separation and deter- 
mination of, zone electrophoresis (Fuller, 
H.) 657 

Polysaccharides, pear cell-wall, changes amounts 

Polysaccharides pear wall, fractionation (Jermyn 
M. A. & Isherwood, 8 ) 23 

Polysaccharides, metabolism of, carrageenin- 
induced granuloma (Slack, B.) 

Porphobilinogen, formation of, from ethyl ester 
acid (Neuberger, A., Scott, Shuster, 
L.) 137 

Porphyrins, isolation of, from bacteria (Barrett, J.) 626 

Potassium gradients liver mitochondria (Price, A., 
Fonnesu, Davies, E.) 75: 

Potato slices es stimation of x-keto acids in (Isherwood, F. A. 
Niavis, A.) 549 

rone, 

Propionate, inhibition acetate metabolism liver slices 

Propionic acid, metabolism (James, T., Peeters, 
Lauryssens, M.) 726 

Propionitrile, effect of, respiration, fermentation and 
phosphorylation yeast (Stickland, H.) 503 

n-Propylbenzene, metabolism of, rabbit (El Masry, 

Protein composition of rat brain, changes with age in 

Protein, cytoplasmic, white clover and Italian ryegrass 
(Lyttleton, J. W.) 70 

Protein digestion rumen (Annison, F.) 705 

*Protein hydrolysates, equipment used quantitative 
analysis of, Moore and Stein method 

Protein, turnover of, Escherichia coli (Mandelstam, J.) 

Proteins, plasma, catabolism of, studied 
isolated perfused rat liver (Gordon, H.) 

Pseudomonas antimycetica, improved methods for prepara- 
tion comirin from cultures (Gordon, J., Kelly, 

Pseudomonas OD1, oxidative properties of 
469 

Pseudomonas sp., adaptive enzymes (Shaw, 
394 

Pyridine for chromatography cortico- 
trophins carboxylic ion-exchange resin (Dixon, 

Pyridine nucleotide, spectrophotometric evidence for pre- 
sence of, in heart-muscle sarcosomes (Holton, F. A.) 


various 


2-carboxylic acid 


eparation of {Pearlm: 
preparation 


(Jayasuriya, 


D.) 
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Pyridoxal phosphate coenzyme diamine oxidase 
(Davison, 546 

Pyrimidine compounds, reaction bromine with (Cohn, 
W.E.) 

Pyrophosphate, adenosine triphosphatase 

Pyruvate, with (Rowsell, V.) 246 


Radioactive deposits, improved filtering device for (Dale, 

Rhodopseudomonas spheroides, nature carotenoids 
(Goodwin, W., Land, Sissins, E.) 486 

Rhodospirillum rubrum, use measurement 

carbon dioxide fixation (Ormerod, 373 
tion serine for (Goodwin, Jones, 

leaf, action (Markham, Strominger, 
J.L.) 

liver, effect hypophysectomy, growth- 
hormone treatment and adrenalectomy (Stevens, 
Reid, E.) 735 

tibonuclease, rat pancreatic, biosynthesis of (Craddock, 

Ribonucleic acid liver cytoplasm, hormonal influences 
incorporation injected precursors into (Reid, E., 

acid Staphyloc occus aureus, incorporation 
8-azaguanine into (Creaser, H.) 539 

acid, ‘polymerized’, liver, 
physectomy, growth-hormone treatment and 
ectomy (Stevens, Reid, E.) 735 

Ribonucleic acids, new method for isolation of, 
mammalian tissues (Kirby, 405 

formed from hexose diphosphate extracts 
Thiobacillus denitrificans (Trudinger, A.) 274 

Ribulose, formed from hexose diphosphate extracts 
Thiobacillus denitrificans (Trudinger, A.) 274 

Rumen, protein digestion (Annison, F.) 705 

Ryegrass, Italian, cytoplasmic protein (Lyttleton, W.) 


effect hypo- 
adrenal- 


from 


Ribose, 


Salicylate, effects of, creatine phosphate and adeno- 
sine triphosphate isolated rat diaphragm (Smith, 

for use with two-dimensional paper chromato- 

Serine synthesis indole (Gibson, F., Jones, 
Teltscher, H.) 132 

Serine phosphatides egg-yolk (Dils, Hawthorne, 
J.N.) 

Serine, utilization “C-labelled, for 

Serum albumin, tritium-labelled, preparation (Done, 
Payne, R.) 266 

Shark-liver oil, isolation iso- and acids 
the and series from (Morice, Shorland, 
461 

Sheep, nitrogen metabolism (Annison, F.) 705 

Sialic acids and their quantitative estimation (Svenner- 
holm, L.) 

Silkworm blood, enzyme (Faulkner, P.) 430 

Silver beet, chemical composition microsomes and mito- 
221 

Snail, edible, isolation helicorubin and cytochrome from 
(Keilin, J.) 663 

Sodium gradients liver 
Fonnesu, Davies, E.) 


mitochondria (Price, (. A. 


754 


‘ohn, 


956 


Tetraiodothyroacetic 


L-Thyroxine, 


Transaminations with 


Vol. 


Sodium ions, net excretion of, from sodium-rich muscle and 
its relation redox pump theory (Carey, Con- 
way, J.) 

Sorbitol, oxidation of, polyol dehydrogenases (Arcus, 

Spheroidenone, carotenoid pigment from Rhodopseudo- 
monas spheroides (Goodwin, W., Land, 
Sissins, E.) 486 

Staphylococcal cells, disrupted, benzimidazole derivatives 
and glycine incorporation (Gale, Folkes, P.) 

Staphylococcus aureus, cytochrome system plasma mem- 
brane (Mitchell, Moyle, J.) 

Staphylococcus aureus, effect 8-azaguanine upon enzyme 
formation (Creaser, H.) 539 

isoStearic acid see 16-Methylheptadecanoic acid 

Steroidal dihydroxyacetones, determination (Norym- 
berski, Stubbs, D.) 168 

Steroidal dihydroxyacetones, reduction of, zinc (Norym- 
berski, Stubbs, D.) 168 

Sterol and steryl ester fractions rat livers (Rattray, 

Strawberry leaves, estimation «-keto acids (Isherwood, 

dehydrogenase, liver, 
growth-hormone treatment and adrenalectomy 
(Stevens, Reid, E.) 735 

Succinic dehydrogenase thiol groups, protection of, 
fluoride and phosphate (Stoppani, Brignone, 

A.) 196 

Succinoxidase activity 
(Roodyn, B.) 361 

Succinoxidase system, rat liver, effect vitamin defi- 
ciency activity (Redfearn, R.) 

Sucrose, isolation and probable structures oligosac- 
charides formed from, levansucrase system ein- 

Sucrose, mechanism polysaccharide production from 
(Hestrin, Feingold, Avigad, G.) 340 

Sugar phosphates, enzymic reductions of, insect blood 
P.) 436 

Sulphatase liver (Roy, B.) 651 

Williams, K.) 216 

Sulphydryl groups, 
(Lewin, 8.) 

Swelling and reversal swelling liver mitochondria 
(Price, A., Fonnesu, Davies, 754 

‘Metals and enzyme activity’ 


effect hypophysectomy, 


rat-liver nuclear fractions 


interaction of, with formaldehyde 


Tea, urinary chromogen derived from (Fearon, 

Boggust, A.) 

acid, effect of, mito- 
chondria and triphosphatase activity 
(Dickens, Salmony, D.) 645 

Thiobacillus denitrificans, fixation of carbon 


extracts (Trudinger, A.) 


dioxide 


Thiol groups, succinic dehydrogenase, protection of, 


fluoride and phosphate (Stoppani, Brignone, 
196 


Thyroid hormones vitro, effects of, tissue respiration, 


oxidative phosphorylation and swelling mitochondria 
(Dickens, Salmony, D.) 645 

effect of, on rat-liver mitochondria and 
triphosphatase activity (Dickens, 
Salmony, D.) 645 

and 
Rowsell, V.) 


L-glutamate 
fresh extracts animal tissues 


235 


Transaminations with pyruvate and other «-keto acids 


246 


(Rowsel 
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Triethyltin compounds, metabolism tissue slices from 
rats treated with (Cremer, E.) 

acids, partial synthesis 
(Bridgwater, J.) 593 

Triiodothyroacetic acid, effect of, rat-liver mitochondria 
and triphosphatase activity (Dickens, 
Salmony, D.) 645 

Triphosphopyridine nucleotide, role of, enzymic 
hydroxylation 11-deoxycorticosterone (Grant, K.) 
559 

Triphosphopyridine nucleotide, role of, synthesis 

Tritisporin, anthraquinone colouring matter Helmintho- 
sporium tritici-vulgaris, structure and synthesis 
(Neclakantan, Pocker, Raistrick, H.) 464 

Tritium, assay of, tritium-labelled compounds (Done, 
Payne, R.) 266 

Tritium, some techniques assay (Banks, E., Craw- 

Tropomyosin, invertebrate (Bailey, K.) 

Tryptamine, excretion of, human urine (Rodnight, R.) 
621 

Tryptophan, metabolism of, patients suffering from 
cancer bladder (Boyland, Williams, C.) 578 

Tumours mouse liver, effect of, liver catalase (Adams, 

Tyrosine, formation tyrosol from, Saccharomyces 
cerevisiae (SentheShanmuganathan, 

Tyrosol, formation of, from tyrosine Saccharomyces 
cerevisiae (SentheShanmuganathan, 37P 


Urea biosynthesis, mechanism (Bach, Smith, M.) 
417 

Urea, role of, bismuthate treatment urines 
berski, Stubbs, D.) 176 

Urea synthesis, relation ammonia 

Urea synthesis, role ornithine and citrulline (Bronk, 

Urethane, effect of, respiration, fermentation and phos- 
phorylation yeast (Stickland, H.) 503 

Uridine diphosphate glucuronic acid donor substrate 
glucuronide synthesis (Dutton, J.) 693 

Urinary chromogen derived from tea (Fearon, W. 
A.) 

Urinary gonadotrophins, investigations chromatographic 
separation (Butt, R., Ingram, Round, P.) 

Urinary indoles, two-dimensional paper chromatography 
(Dalgliesh, E.) 481 


(Norym- 


concentration 


13-cis Vitamin alcohol, preparation (Plack, A.) 
56 

Vitamin cis-isomers of, marine Crustacea (Plack, A., 

Vitamin deficiency, effect of, activity liver succin- 
oxidase system rat (Redfearn, R.) 

Vitamin isomers, fractionation mixtures (Plack, 

A.) 

Vitamin Indian fresh-water fish-liver oils (Balasun- 
daram, Cama, R., Sundaresan, Varma, 
150 

Vitamin B,, analogues, activity of, chick growth (Coates, 
E., Davies, K., Dawson, Harrison, F., 
682 

Vitamin D,, “C-labelled, 


(Kodicek, E.) 


fate of, rat 
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Vitamin deficiency rat, effect dietary fat various 
signs (Moore, T., Sharman, Ward, J.) 

Vitamins effect oral parenteral administration 
massive dose of, distribution rat tissues (Cruick- 


Wheat roots, enzymic and chemical properties cyto- 
plasmic particles from (Martin, Morton, K.) 
687 


Xanthine oxidase, liver, effect hypophysectomy, growth- 
hormone treatment and adrenalectomy (Reid, E., 
O’Neal, Lewin, I.) 730 

oxidase, role metals oxidations catalysed 

Xylan, pear cell-wall, isolation (Jermyn, Isher- 
wood, A.) 123 
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Yeast, baker’s, endogenous respiration and polysaccharide 
reserves (Stickland, H.) 498 

Yeast, baker’s, initiation fermentation cells of, 
removal oxygen (Brady, G., McGann, Tully, 

Yeast cell wall, concentration cation carrier (Duggan, 

Yeast, normal, Pasteur effect in, and its inhibition 
various agents (Stickland, H.) 503 

Yeast, phosphorylations and dephosphorylations in, and 
their inhibition various agents (Stickland, H.) 
515 


Stubbs, D.) 168 

Zwischenferment from Aspergillus niger, purification and 
properties (Jagannathan, V., Rangachari, 
Damodaran, M.) 477 
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Metabolic Routes 


The radioactive tracer method now indispensable for the study metabolic processes. 
scientists engaged such researches can supply several hundred“ compounds 
from stock short notice, which the following are examples labelled) 
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DL-Cystine-S35 
(G) 
Fumaric acid-1-C14 
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gation. mobility determinations, for 
instance, constant voltage supply 
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gives control over paper temperature, 
thus making results independent this 
variable. 


But whether you need constant volt- 
age constant current, the newly- 
developed VOKAM power supply will 
provide either the flick switch. 
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50-300 m/a max. when used 
constant voltage supply. con- 
stant current supply, provides 3-40 
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